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(5)  INTRODUCTION: 


The  objectives  of  these  studies  involved  two  major  aims.  The  first  aim  was  to  gain  a 
better  understanding  of  the  formation  of  homomeric  or  heteromeric  ensembles  of  the 
plSSneu  or  plSS^-^eu  polypeptides  and  EGF  receptors.  The  focus  of  this  part  of  the 
effort  was  on  the  role  of  the  endodomains  of  these  molecules.  The  second  aim  was  to 
clone  the  authentic  ligand  of  the  pl85  molecules.  We  have  made  significant  progress  in 
both  areas.  The  task  order  has  been  altered  for  aim  1  and  is  not  yet  at  the  predicted 
level  for  aim  2. 

(6)  BODY: 

The  first  objective  involved  studying  the  mechanisms  associated  with  pl85J^eu  or 
pl85C-neu  endodomains  and  the  related  signaling  that  was  relevant  to  transformation 
or  phenotype  reversal.  Deletion  of  the  endodomain  results  in  a  trans-inhibitor  of 
pl85neu  or  pl85C-neu  polypeptides.  These  endodomain  deletion  mutants  which  we 
have  termed  trans-inhibitors  also  associate  with  all  members  of  the  erbB  family  and 
limit  the  formation  of  active  kinase  complexes.  (3-7) 

Attenuating  mechanisms  of  signaling  through  erbB  receptor  tyrosine  kinases  (RTKs)  in 
transformed  cells  have  not  been  completely  defined.  Recent  data  indicate  that  Signal 
Regulatory  Proteins  (SIRPs,  or  murine  SHPS-1),  a  family  of  membrane  glycoproteins 
and  putative  substrates  of  the  adaptor/effector  SHP-2,  modulate  the  activation  of  many 
RTKs,  including  the  insulin  receptor,  the  platelet-derived  growth  factor  receptor,  and 
the  Epidermal  Growth  Factor  Receptor  (EGFR).  SIRP/SHPS-1  proteins  are  tyrosine 
phosphorylated  in  response  to  EGF  and  insulin  and  were  originally  identified  in  anti- 
SHP-2  immunoprecipitates.  (2) 

SIRPa  proteins  are  distinguished  from  SIRPP  forms  by  the  presence  of  an  endodomain 
containing  immunoreceptor  tyrosine-based  inhibitory  motifs  (ITIMs),  tyrosine 
phosphorylation  sites  which  bind  the  SHP-2  phosphatase  through  SH2  interactions. 
(1,2) 

We  therefore  sought  to  examine  whether  disabling  an  activated  erbB  receptor  complex 
by  a  frans-inhibitory  receptor  mutant  involves  activation  of  SIRP  proteins.  We  then 
addressed  whether  SIRP/SHPS-1  activation  modulates  cell  growth,  transformation  and 
apoptosis  observed  in  transformed  neural  cells  in  which  erbB  signaling  is  disabled. 


Methods: 

Vector  Construction.  Derivations  of  the  carboxyl  terminal-deleted  T691stop  pl85neu 
mutant  receptor  construct  have  been  detailed  previously  (1).  The  human  SIRPal  cDNA 
obtained  in  pRK5(RS)  (1)  was  modified  for  eukaryotic  expression.  The  pRK5(RS) 
plasmid  was  digested  with  Nrul  and  Xhol,  and  the  fragment  containing  the  SIRPal 
gene  was  blunt-end  ligated  into  the  eukaryotic  expression  plasmid  pIRESHyg 
(Clontech)  previously  linearized  with  BamHI  and  blunt-ended  for  ligation. 

Maintenance  of  cells  and  transfection  procedures.  Human  U87MG  and  A431  cells  were 
obtained  from  the  American  Type  Tissue  Collection  (Rockville,  MD).  Cell  lines. 
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methods  for  deriving  subclones  expressing  pl85neu-derived  proteins  (T691stop  neu- 
expressing  derivatives),  and  transfection  procedures  have  been  detailed.  (2-7) 
Characteristics  of  stable  transfectants  expressing  T691stop  neu  mutant  receptors  have 
been  detailed.  (1)  U87MG-derived  cells  expressing  elevated  amounts  of  EGFR 
(U87MG.wtEGFR  cells)  were  obtained  from  Drs.  H-J.  Su  Huang  and  Webster  Cavenee, 
Ludwig  Institute  for  Cancer  Research,  San  Diego,  CA.  B104-1-1  cells  expressing  high 
levels  of  oncogenic  pl85neu  were  derived  from  NIH-3T3  fibroblasts,  and  Ml  fibroblasts 
containing  protooncogenic  pl85neu  and  human  EGFR  have  been  described. 

For  the  analysis  of  SIRPal  ectopic  expression,  cells  were  transfected  either  with  empty 
vector  (pIRESHyg)  or  pIRESHyg/SIRPal  plasmids  using  lipofectamine  followed  by 
stable  selection  in  hygromicin  (80pg/ml).  Positive  SIRPal  expressing  subclones  (U87/ 
SIRPal)  were  identified  by  western  blotting  using  a  polyclonal  antibody  reactive  with 
SIRPal.  U87MG-derived  clones  expressing  vector  without  insert  were  designated 
U87/pIRES  cells. 

Immimoprecipitation,  co-immunoprecipitation  and  western  blotting.  Cells  were  seeded 
and  allowed  to  attach  overnight.  After  incubation  with  5pg/ml  anti-erbB  receptor 
antibody  (mAb  7.16.4  to  B104-1-1  or  Ml  cells,  and  mAb  528  to  U87MG  or 
U87MG.wtEGFR  cells)  for  2h  at  37°C,  the  medium  was  quickly  aspirated  and  cells  were 
washed  twice  with  ice-cold  PBS.  Whole  cell  extracts  were  prepared  by  solubilization  in 
PI/RIPA  buffer  for  30min  at  4°C.  After  normalization  of  lysates  derived  from  untreated 
cells  and  treated  cells  by  Bio-Rad  protein  concentration  assay,  500-1000pg  of  each  cell 
lysate  was  incubated  with  3|a.g  of  a  carboxyl-terminal  SHP-2  (SHPTP2)  polyclonal 
antibody  (Santa  Cruz  Biotechnology)  or  polyclonal  antibody  116  reactive  with  the 
cytoplasmic  domain  of  SHPS-1  (gift  from  Dr.  A.  Veillette).  Immunocomplexes  were 
then  pulled  down  by  addition  of  Protein- A  conjugated  to  Sepharose  4B  (Sigma). 
Independent  samples  treated  with  anti-receptor  mAb  to  which  protein  A-Sepharose  4B 
alone  was  added  (without  SHP-2  antibody)  were  also  included  in  some  experiments  as 
another  control.  The  resulting  immunoprecipitates  were  then  subjected  to  SDS- 
polyacrylamide  gel  electrophoresis  (PAGE),  and  then  transferred  onto  nitrocellulose 
membranes.  Protein  phosphorylation  was  determined  by  western  blot  analysis  with  an 
anti-phosphotyrosine  mAb,  PY-20  (Santa  Cruz  Biotechnology),  and  visualized  using  the 
ECL  detection  system  (Amersham).  To  identify  co-immunoprecipitated  SIRP/SHPS-1 
proteins,  membranes  were  reprobed  either  with  a  polyclonal  anti-SIRP  antibody 
generated  against  a  SIRPa  carboxyl- terminal  fusion  protein  or  the  anti-SHPS-1 
polyclonal  antibody  114  (reactive  with  the  first  Ig-like  domain  of  mouse  SHPS-1,  gift 
from  Dr.  A.  Veillette). 

For  western  blots  evaluating  Bc1-Xl  protein  levels,  cells  were  harvested  at  indicated  time 
points  after  irradiation,  and  samples  were  boiled  in  lysis  buffer,  as  recommended  by  the 
Bc1-Xl  antibody  producer's  manual.  After  normalization  by  the  Bio-Rad  (Hercules,  CA.) 
protein  concentration  assay,  proteins  were  separated  by  12%  SDS-PAGE. 

In  vitro  kinase  Assays.  Details  have  been  described  previously  (7)  with  modifications  of 
the  in  vitro  kinase  assay  for  MAPK  activity  as  performed  by  others.  (1) 

PI3  kinase  Assay.  Cells  were  seeded  and  left  to  attach  overnight.  One  million  cells 
were  incubated  with  or  without  50ng/ml  of  EGF  for  5  min  at  37°C,  medium  was 
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quickly  aspirated,  and  cells  were  washed  2  times  with  ice-cold  PBS.  Whole  cell  extracts 
were  prepared  by  solubilization  in  lysis  buffer  for  30  min  at  4°C.  After  normalization 
for  protein  concentration,  equal  amounts  of  protein  from  cell  extracts  were 
immimoprecipitated  with  anti-phosphotyrosine  4G10  or  anti-SHP2.  Immunocomplex 
attached  beads  were  washed  twice  with  lysis  buffer,  twice  with  wash  buffer,  twice  with 
reaction  buffer,  and  resuspended  in  40ul  of  reaction  buffer  containing  a  substrate 
mixture  of  phosphatidylinositol  and  phosphatidylserine  and  dispersed  by  sonication. 
The  tubes  were  incubated  at  room  temperature  for  10  min  and  reactions  were  initiated 
by  adding  5  uCi  of  [y-^P]  ATP  per  reaction  in  10  ul  of  SOOuM  ATP  and  terminated  by 
addition  of  80  ul  of  chloroformrmethanol  (1:1)  after  another  10  min.  Phospholipids 
were  extracted,  dessicated  and  redissolved.  The  samples  were  chromatographed  on 
thin  layer  chromatography  (TLC)  plates.  Spots  corresponding  to  phosphatidylinositol 
3-phosphate  were  visualized  by  autoradiography. 

Cell  growth  and  Transformation  assays.  For  cell  growth,  we  utilized  the  MTT  (3,(4,5- 
dimethylthiazol-2-yl)2,5-diphenyl-tetrazolium  bromide)  assay.  (1)  For  assays  of  focus 
formation  of  stably  transfected  subclones,  previous  methods  were  employed. 

Nuclei  Staining  and  morphologic  analysis  of  apoptosis.  Irradiation  and  morphologic 
detection  of  apoptotic  nuclei  was  performed  as  described.  (4)  Statistical  significance  of 
the  data  was  determined  using  the  Student's  f-test. 

Antibodies.  The  monoclonal  antibody  (mAb)  7.16.4  reactive  against  the  pl85neu 
ectodomain  has  been  described  previously.  (1,4)  mAb  528  reactive  with  the  human 
EGFR  was  obtained  from  Oncogene  Science  (Uniondale,  N.Y.).  Anti-ERK  and  anti-JNK 
antibodies  were  obtained  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA).  A 
polyclonal  antibody  reactive  with  the  SHP-2  carboxyl  terminus  previously  used  to 
precipitate  SHP-2/SIRP  complexes  was  obtained  from  Santa  Cruz  Biotechnology.  The 
anti-SHP2  antibody  used  for  immunoblotting  was  obtained  from  Transduction 
Laboratories  (Lexington,  Ky.).  Anti-phosphotyrosine  mAb  PY-20  was  obtained  from 
Santa  Cruz  Biotechnology. 

Antibodies  reactive  with  murine  SHPS-1  (numbers  114  and  116)  were  kindly  provided 
by  Dr.  Andre  Veillette  (McGill  University,  Montreal,  Quebec,  Canada). 

GST-jun  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA)  and  myelin  basic  protein  (MBP, 
Upstate  Biotechnology)  served  as  substrates  for  in  vitro  kinase  reactions. 

The  bcl-X^  polyclonal  antibody  was  obtained  from  Transduction  Laboratories. 


Results  and  Discussion: 

In  SHP-2  immunocomplexes,  frans-inhibition  of  EGFR  signaling  by  an  endodomain 
deficient  truncated  pl85neu  receptor  (T691stop)  resulted  in  increased  basal  and  EGF- 
induced  tyrosine  phosphorylation  of  SIRPa  proteins  of  Mr=110kDa  (not  shown).  An 
antibody  reactive  with  the  SIRPa  carboxyl  terminus  showed  that  two  endogenous 
SIRPa  proteins  of  95-llOkDa  co-precipitated  with  SHP-2  in  EGFR-positive  U87MG 
human  glioma  cells.  The  slower  migrating  form  of  SIRPa  (llOkDa)  was  differentially 
phosphorylated.  SIRPa  proteins  contained  in  basal  and  EGF-stimulated  SHP-2 
complexes  were  comparable.  Anti-SIRPa  immunoprecipitates  also  showed  that 
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T691stop  expression  increased  SIRP  pTyr  content.  In  A431  cells  previously  used  to 
identify  SIRP  family  proteins  (2),  SIRPs  complexed  to  SHP-2  migrated  at  the  same 
mobility  as  in  U87MG  cells.  Direct  western  blotting  of  A431  whole  cell  lysates  with  an 
anti-SIRPa  antibody  reactive  with  the  carboxyl  terminus  also  identified  endogenous 
SIRPa  proteins  of  95-110  kDa  (data  not  shown). 

In  order  to  investigate  whether  SIRP  function  may  contribute  to  reduced  cell  growth, 
transformation  and  increased  apoptosis  previously  observed  in  EGFR-disabled 
transformed  neural  cells  we  overexpressed  the  SIRPal  cDNA  in  U87MG  human  glioma 
cells.  (See  Fig.  1)  Unexpectedly,  in  vitro  kinase  assays  showed  that  EGF-induced 
activation  of  extracellular  signal-regulated  kinase  (ERK)-1,  ERK-2,  c-jun  amino-terminal 
kinase  (JNK)  were  comparable  in  SIRPal-overexpressing  transformed  human  cells 
when  compared  to  cells  expressing  vector  without  insert.  Notably,  basal  ERK  activities 
between  U87MG  parental,  U87/  SIRPal  and  U87/T691  derivatives  were  comparable. 
Interestingly,  cell  growth  after  48h  as  determined  by  the  MIX  assay  (Fig.  lA)  was 
unaffected  by  overexpression  of  SIRPal  in  U87MG  cells.  Differences  in  cell  growth 
were  also  not  observed  in  SIRPal-overexpressing  cells  in  full  growth  media  for  up  to 
seven  days  (data  not  shown). 
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Fig.  1  A.  Cell  growth  at  48  hr  in  10%  FBS-DMEM  was  evaluated  using  the  MTT  assay  with  U87/pIRES 
and  U87/SIRPal  cells.  Results  (meanlSD)  of  absorbance  as  determined  by  an  ELISA  reader  are 
displayed  for  2  cell  concentrations  and  were  in  the  linear  range  for  this  ceU  type.  No  differences  in  cell 
growth  between  U87/pIRES  and  U87/SIRPal  cells  were  observed  in  this  MTT  assay.  B.  Transforming 
efficiency  of  SIRPal-overexpressing  U87MG-deived  subclones.  200  U87MG-derived  cells  were  plated 
with  10'*  NR6  cells  and  grown  in  5%  FBS-DMEM  for  18-21  days.  Foci  (meantSD)  were  then  stained  and 
quantitated  based  on  triplicate  dishes  for  each  cell  line.  C.  Induction  of  apoptosis  following  gamma- 
irradiation  in  U87MG  human  glioblastoma  derivatives.  Mean±SD  of  covmts  derived  from  2  independent 
observers  are  presented  as  a  percentage.  Over  600  cells  were  coxmted  in  multiple  fields  for  each  sample 
after  staining  with  4',6-diamidino-2-phenylindole  dihydrochloride  hydrate  (DAPI).  At  72  hr  following 
irradiation,  levels  of  apoptosis  were  significantly  (*)  higher  in  U87/SIRPal  cells  (p<.05)  and  in  U87/T691 
cells  (p<.005)  than  in  control  U87/pIRES  cells. 
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Stable  clones  expressing  elevated  amounts  of  the  SIRPal  protein  were  inhibited  65%  in 
the  formation  of  morphologically  transformed  foci  (Fig.  IB),  as  compared  to  clones 
expressing  vector  without  insert  (mean  number  of  foci  +  SD:  U87/pIRES  31+1.4;  U87/ 
SIRPal  11  ±  2.8;  data  confirmed  in  three  independent  experiments).  Elevated  SIRPal 
expression  thus  inhibited  the  transformed  phenotype  in  transformed  cells  containing 
multiple  somatic  alterations  in  addition  to  inhibiting  transformation  induced  by  a  single 
oncogene  product.  Our  preliminary  studies  showed  that  SIRP  fimction  contributes  to 
reduced  transformation  mediated  by  the  T691stop  mutant  receptor,  but  the  inhibition 
was  not  related  to  diminution  of  MAP  kinase  activities.  (Not  shown)  Rather,  as  shown 
in  Fig.  2,  we  noted  that  the  lipid  kinase  PIS  kinase  had  diminished  activity  in  SIRP 
transfected  cells. 


Fig.  2.  EGF  induced  PIS  Kinase  Activity.  One  million  cells  were  treated  with  or  without  EGF 
(50ng/ml)  for  5  min  following  a  period  of  serum  starvation  of  24hr.  Equal  amounts  of  cell 
extracts  were  immunoprecipitated  with  Anti-PTyr  4G10  (A)  or  Anti-SHP2  (B).  The  resulting 
immunoprecipitates  were  analyzed  for  PIS  kinase  activity  as  described  in  "Methods".  An 
autoradiograph  of  a  thin  layer  chromatograph  is  shown.  The  positions  of  origin  (Ori)  and 
phosphatidylinositol  S-phosphate  (PIP)  were  indicated  by  arrows.  SIRP1-4Y  is  a  mutated  form 
of  SIRP  (This  mutant  was  provided  by  Axel  Ullrich)  that  lacks  carboxy  terminus  tyrosines  and 
is  not  able  to  mediate  inhibition  of  transformation.  The  gels  clearly  show  that  SIRP  mediates 
its  effect  by  inhibiting  the  lipid  kinase  PIS  kinase.  Forms  of  SIRP  which  lack  certain  tyrosines 
(SIRPl-44)  are  imable  to  mediate  this  effect. 

Prolonged  serum  deprivation  (96h)  did  not  induce  apoptosis  in  transformed  U87MG 
parental  cells  or  U87/  SIRPal  subclones,  supporting  previous  observations  in 
transformed  neural  cells.  However,  overexpression  of  the  SIRPal  cDNA  conferred 
increased  sensitivity  to  apoptosis  following  gamma-irradiation  as  determined  by  an 
examination  of  nuclear  morphology  following  staining  with  4’,6-Diamidino-2- 
phenylindole  dihydrochloride  hydrate  (DAPI)  (Figs.  1C,  3).  Apoptosis  in  U87/  SIRPal 
and  U87/T691  cells  was  increased  above  U87/pIRES  cells  expressing  vector  without 
insert  at  both  48hr  and  72hr  following  irradiation  in  full  growth  medium  (mean  percent 
apoptosis  ±  SD:  U87/pIRES  3.6±  2.3, 48hr,  5.3+  0.4,  72hr;  U87/  SIRPal  14.2  ±  2.6,  48hr, 
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15.5  ±  2.1, 72hr;  U87/T691 12.9  ±  0.2, 48hr,  21.5  ±  0.7, 72hr;  these  results  were  confirmed 
in  three  independent  experiments)  (Fig.  1C).  Interestingly,  apoptosis  of  irradiated 
U87/SIRPal  cells  was  not  enhanced  by  serum  deprivation  (data  not  shown),  suggesting 
the  activation  of  a  pathway  that  is  serum-independent. 


Fig.  3.  Morphologic  assessment  of  apoptosis  in  human  glioma  subclones  following  gamma- 
irradiation  (lOGy).  All  cells  were  stained  with  DAPI  48-72  hr  after  being  exposed  to  gamma- 
irradiation.  U87MG  cells  overexpressing  empty  vector  (A),  SIRPal  (B^  and  T691stop  neu 
mutant  receptors  (C)  are  shown.  Nuclei  exhibiting  apoptotic  morphology  are  indicated  by 
arrows. 

Apoptosis  occurring  in  SIRPal-overexpressing  cells  may  result  from  reduced  levels  of 
the  BcI-Xl  protein.  Bc1-Xl  was  induced  following  gamma-irradiation  in  U87MG-derived 
cells.  Interestingly,  basal  and  radiation-induced  levels  of  bcl-XL  protein  were  reduced  in 
U87/SIRPal  cells  relative  to  controls  (not  shown).  Bcl-X^  levels  returned  to  baseline 
72hr  following  irradiation  in  U87/SIRPal  cells,  while  cells  expressing  vector  without 
insert  showed  sustained  elevation  in  bcl-XL  protein  levels  24-72hr  following  gamma- 
irradiation.  Modulation  of  Bc1-Xl  protein  levels  has  been  shown  to  influence  sensitivity 
to  apoptosis  in  tumor  cells  treated  with  chemotherapeutic  drugs  and  in  keratinocytes 
exposed  to  cell  death  signals. 

Tmns-receptor  inhibition  by  constitutive  expression  of  mutant  pl85neu  forms  results  in 
reduced  pTyr  content  of  endogenous  EGFR  and  pl85neu  proteins.  (3-7)  Our  data 
suggest  that  one  physiological  stimulus  for  the  tyrosine  phosphorylation  and  activation 
of  SIRP  proteins  is  the  inhibition  of  erbB  signaling  by  some  as  yet  unidentified  kinase. 
Increased  SIRPa  fimction  results  in  reduced  transformation  and  increased  apoptosis 
following  irradiation  in  erbB-inhibited  transformed  cells.  We  have  previously 
demonstrated  a  correlation  between  reduced  transformation  and  increased  sensitivity 
to  gamma-irradiation.  Furthermore,  our  studies  suggest  that  SIRP  functions  by 
disabling  PIS  kinase  more  so  than  modulating  raf-MAPKinase  activity.  These  findings 
support  our  previous  efforts.  (7) 


In  our  original  efforts  on  objective  2,  to  clone  the  NAF  (neu-specific  activating  factor) 
activity  (11,12)  from  the  ATL-2  cell  line  (14,16),  we  surmised  that  NAF  may  be  a  novel 
member  or  isoform  of  the  neuregulin  gene  family.  We  identified  several  conserved 
regions  between  the  neuregulin-1  (NRG-1)  and  neuregulin-2  (NRG-2)  genes  and 
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designed  primers  that  correspond  to  these  conserved  sequences.  The  NRG-1  and  NRG- 
2  gene  products  originate  as  membrane  spanning  precursors  whose  extracellular 
domains  are  proteolytically  cleaved  to  liberate  soluble  forms  of  the  neuregulins.  (13,17) 
The  IgG-like  domain,  EGF-like  domain,  and  transmembrane  spanning  domain  were  the 
most  conserved  between  the  NRG-1  and  NRG-2  pre-pro  forms,  so  primers 
corresponding  to  these  domains  were  generated  for  our  RT-PCR  analysis. 

In  the  last  update  we  reported  that  we  were  successful  using  the  primers  corresponding 
to  the  NRG  transmembrane  domain  and  were  able  to  identify  that  a  NRG-2-related 
gene  (8,9,10)  could  be  detected  in  the  ATL-2  cDNA  population.  We  used  this  probe  to 
screen  an  oligo-dt  primed  ATL-2  cDNA  library.  However,  in  this  round  of  cDNA 
library  screening  we  only  identified  several  false  positives  using  the  transmembrane 
domain  as  a  probe.  We  feel  the  short  length  of  this  probe  (only  100  nucleotides  in 
length)  and  the  possible  promiscuity  of  the  probe  binding  to  any  clone  that  has 
transmembrane  spanning  regions  has  caused  us  to  obtain  inappropriate  clones  in  our 
first  roimd  of  ATL-2  cDNA  library  screening. 

Therefore,  we  needed  to  become  more  aggressive  with  our  RT-PCR  efforts  so  that  we 
could  obtain  a  larger  fragment  of  the  NRG-2ATL-2  molecule  that  we  are  pursuing. 
New  primers  were  designed  that  correspond  exactly  to  conserved  regions  outside  the 
region  encoding  the  transmembrane  domain.  Using  this  renewed  RT-PCR  strategy,  we 
were  able  to  amplify  a  clone,  designated  'SKI',  approximately  1000  nucleotides  in  length 
that  extends  from  the  middle  of  the  immunoglobulin-like  domain  to  just  beyond  the 
transmembrane  region  and  into  the  intracellular  domain  of  the  NRG-2ATL-2  molecule 
from  the  ATL-2  cDNA.  The  SKI  clone  exactly  matched  the  reported  sequence  for  the 
corresponding  region  of  the  NRG-2  sequence  (9,10,13)  in  the  Genbank  database.  This 
suggested  that  the  NRG-2ATL-2  molecule  is  an  isoform  of  NRG-2  and  apparently  not  a 
new  neuregulin-related  gene. 

However,  we  still  need  to  clone  the  entire  NRG-2ATL-2  gene  to  determine  whether  it 
encodes  a  distinct  isoform  that  may  correspond  to  the  NAF  activity.  Most  specifically, 
we  have  not  yet  identified  the  amino  terminal  sequences  of  the  NRG-2 aTL-2  gene  we 
are  studying.  It  is  the  amino  terminal  sequences  of  neuregulin  gene  products  that  are 
the  region  that  contains  the  most  significant  diversity  with  regard  to  the  generation  of 
physiologically  distinct  isoforms  from  a  single  neuregulin  gene.  The  amino  terminal 
domain  along  with  the  EGF-like  domain  confer  the  specificity  of  binding  to  erbB 
receptors  and,  in  part,  may  dictate  the  differential  heteromer-inducing  potential 
induced  by  different  neuregulin  isoforms.  For  example,  the  amino  terminal  domain  of 
the  NRG-1  gene  product  can  contain  26  distinct  amino  acids  (for  ARIA),  or  219  distinct 
amino  acids  (for  GGF-II),  or  34  distinct  amino  acids  (for  heregulin/NDF)  proximal  to 
the  IgG-like  domain  resulting  in  three  biochemically  and  ftmctionally  distinct  forms  of 
the  NRG-1  gene  product. 
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Schematic  of  partial  NRG-2ATL-2  ’SK'  sequence  and  comparison  with  NRG-1 
isoforms. 

Currently,  we  are  employing  two  methods  to  identify  the  amino-terminal  coding 
sequence  for  the  NRG-2ATL-2  molecule  to  determine  whether  we  have  identified  a 
novel  isoform  of  NRG-2  4iat  may  correspond  to  the  NAF  activity  in  the  ATL-2  cells.  5'- 
RACE  analysis  and  the  use  of  the  SKI  probe  to  screen  ATL-2  cDNA  libraries  are  both 
imderway.  NRG-2-specific  primers  are  now  being  used  to  generate  cDNA  for  RACE 
analysis  and  to  generate  new  cDNA  libraries  that  are  enriched  in  NRG-related 
sequences  from  ATL-2  cells  and  from  other  tissues.  We  have  other  tissues  that  we  feel 
may  potentially  contain  neu  protein-specific  molecules.  Random  primed  and  NRG-2- 
specific  primed  cDNA  libraries  were  generated  for  searching  for  the  amino  terminal 
region/full-length  NRG-2ATL-2  molecule.  These  cDNA  libraries  have  been  generated 
and  are  being  amplified.  Preliminary  screening  of  a  small  portion  of  the  pre-amplified 
random  primed  ATL-2  cDNA  library  was  performed  and  several  candidate  signals 
were  observed  in  short  autoradiographic  exposures. 

In  the  event  that  the  NAF  activity  is  not  due  to  a  novel  neuregulin-related  gene  or 
isoform,  we  have  started  to  use  an  expression  cloning  approach  that  has  been 
developed  using  the  IL-3  dependent  32-D  myeloid  cell  line.  (15)  In  the  absence  of  IL-3, 
it  was  shown  that  certain  growth  factor  signaling  pathways  can  substitute  for  the  IL-3- 
dependent  mitogenicity  in  these  cells.  Namely,  when  the  EGFR  was  transfected  into  the 
32-D  cell  line,  EGF  treatment  of  the  EGFR-bearing  transfectants  was  able  to  sustain  32-D 
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cell  growth  and  prevent  apoptosis.  (8)  Therefore,  we  have  obtained  32-D  cells  that  have 
been  transfected  with  the  pl85C-erbB2  protein.  Bulk  transfection  of  these  pl85C-ei'bB2. 
bearing  cells  with  cDNAs  from  tissues  thought  to  express  candidate  neu-specific 
activating  activity  (such  as  the  ATL-2  cells  or  neural  tissues)  would,  in  some  of  the 
transfected  cells,  result  in  co-expression  of  pl85C-erbB2  a  candidate  ligand.  In  the 
absence  of  the  IL-3-dependent  mitogenicity,  the  co-expression  of  a  candidate  ligand 
with  the  pl85C-ert>B2  protein  would,  through  autocrine  activation  of  the  pl85C"®’^BB2. 
mediated  mitogenic  potential,  allow  the  clonal  expansion  of  these  cells  and  prevent 
their  apoptosis.  In  this  manner,  this  assay  may  facilitate  both  the  specific  search  for  an 
pl85C-erbB2.specific  ligand  in  ATL-2  cells  or  in  other  tissue  contexts. 

We  have  accelerated  our  sixth  task  and  have  focused  on  defining  a  pathway  activated 
by  endodomain  deletion  mutants  of  pl85.  In  the  set  of  studies  performed,  we  showed 
that  endodomain  deletion  mutants  led  to  post-translational  modification  of  a  molecule 
called  Signal  Inhibitory  Receptor  Polypeptide  (SIRP),  and  this  affects  PI3  kinase 
function. 

The  level  of  accomplishment  of  tasks  4  and  5  is  less  than  expected.  The  cloning  of  the  5' 
end  of  the  NAF-neuregulin  type  of  cDNA  species  has  been  problematic.  However,  we 
have,  nevertheless,  made  significant  progress  in  this  area  and  should  complete  all  of  the 
proposed  tasks  in  the  next  year. 

(7)  KEY  RESEARCH  ACCOMPLISHMENTS: 

■  Defining  the  role  of  endodomain  mutants  of  the  pi 85  polypeptide 

■  Defining  an  inhibitory  pathway  that  is  dependent  on  SIRP 

■  Showing  SIRPs  affect  the  lipid  kinase/PI3  kinase 

■  Progress  in  identifying  new  isoforms  of  ligands 

(8)  REPORTABLE  OUTCOMES: 

Publications 

O'Rourke,  D.,  Kao,  G.D.,  Singh,  N.,  Park,  B.,  Muschel,  R.J.,  Wu,  C.  and  Greene,  M.I.: 
Conversion  of  a  radioresistant  phenotype  to  a  more  sensitive  one  by  disabling  erbB 
receptor  signaling  in  human  cancer  cells.  Proc.  of  the  NatT  Acad,  of  Sci.  (USA), 
95:10842-10847, 1998. 

Qian,  X.,  O'Rourke,  D.M.,  Fei,  Z.,  Zhang,  H.,  Kao,  C.  and  Greene,  M.I.:  Domain-specific 
interactions  between  the  pl85"®“  and  epidermal  growth  receptor  kinases  determine 
differential  signaling  outcomes.  Tournal  of  Biological  Chemistry,  274(2):574-583, 1999. 

Park,  B.,  O'Rourke,  D.,  Wang,  Q.,  Davis,  J.,  Post,  A.,  Qian,  X.  and  Greene,  M.I.:  Induction 
of  the  Tat-binding  protein-1  accompanies  the  disabling  of  oncogenic  erbB  receptor 
tyrosine  kinases.  Proc.  of  the  Nat'l  Acad,  of  Sci.  (USA),  96:6434-6438, 1999. 

Chih-Ching  Kao  received  Ph.  D.,  Thesis  title:  Studies  of  the  interaction  of  novel  forms  of 
the  pl85'^"®“  receptor  ectodomain. 
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(9)  CONCLUSIONS: 


f 


I  •» 


One  of  our  original  hypotheses  was  that  mutating  or  deleting  pl85  endodomains  might 
develop  biochemical  insight  into  the  formation  of  inactive  receptor  complexes  and  help 
define  signaling  events  that  were  initiated  to  reverse  phenotype.  We  have  now  shown 
that  transinhibition  by  an  endodomain  mutant  affects  SIRP  (Signal  Lihibitory  Receptor 
Polypeptides)  signaling  in  these  preliminary  studies.  Differential  associations  between 
endogenous  proteins  involving  SIRP  and  PIS  kinase  influence  transformation  and 
apoptosis  in  erbB-expressing  cells.  One  implication  of  the  observation  that 
transmembrane  SIRP  proteins  are  activated  in  response  to  inhibition  of  erbB  receptor 
signaling  would  be  the  design  of  therapies  which  directly  activate  a  SIRP  inhibitory 
pathway  and  thus  reduce  transformation  and  increase  apoptosis  following  the 
induction  of  genomic  damage. 

All  neuregulins  found  to  date  bind  to  erbBS  or  erbB4  with  moderate  affinity.  Some 
studies  have  suggested  that  there  is  an  asymmetric  low  affinity  binding  of  certain 
neuregulin  species  to  erbB2/neu  permitting  binding  of  ligand  simultaneously  to 
erbB2/neu  and  its  heteromeric  partner. 

We  suspect  that  the  ATL2  neuregulin  form  may  have  better  binding  to  erbB2.  If  this 
species,  when  expressed,  fulfills  this  criteria,  it  would  change  our  thinking  of  how  neu 
mediates  its  activities  in  many  situations  such  as  breast  cancer.  Therefore,  identifying  if 
NAP  truly  activates  ^lone  is  an  important  step  in  understanding  breast 

cancer  pathogenesis. 
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ABSTRACT  Inhibition  of  cell  growth  and  transformation 
can  be  achieved  in  transformed  glial  cells  by  disabling  erbB 
receptor  signaling.  However,  recent  evidence  indicates  that  the 
induction  of  apoptosis  may  underlie  successful  therapy  of 
human  cancers.  In  these  studies,  we  examined  whether  dis¬ 
abling  oncoproteins  of  the  erbB  receptor  family  would  sensi¬ 
tize  transformed  human  glial  cells  to  the  induction  of  genomic 
damage  by  y-irradiation.  Radioresistant  human  glioblastoma 
cells  in  which  erbB  receptor  signaling  was  inhibited  exhibited 
increased  growth  arrest  and  apoptosis  in  response  to  DNA 
damage.  Apoptosis  was  observed  after  radiation  in  human 
glioma  cells  containing  either  a  wild-type  or  mutated  p53  gene 
product  and  suggested  that  both  p53-dependent  and  -inde¬ 
pendent  mechanisms  may  be  responsible  for  the  more  radio¬ 
sensitive  phenotype.  Because  cells  exhibiting  increased  radi¬ 
ation-induced  apoptosis  were  also  capable  of  growth  arrest  in 
serum-deprived  conditions  and  in  response  to  DNA  damage, 
apoptotic  cell  death  was  not  induced  simply  as  a  result  of 
impaired  growth  arrest  pathways.  Notably,  inhibition  of  erbB 
signaling  was  a  more  potent  stimulus  for  the  induction  of 
apoptosis  than  prolonged  serum  deprivation.  Proximal  recep¬ 
tor  interactions  between  erbB  receptor  members  thus  influ¬ 
ence  cell  cycle  checkpoint  pathways  activated  in  response  to 
DNA  damage.  Disabling  erbB  receptors  may  improve  the 
response  to  y-irradiation  and  other  cytotoxic  therapies,  and 
this  approach  suggests  that  present  anticancer  strategies 
could  be  optimized. 


The  molecular  parameters  that  determine  how  a  cell  becomes 
more  or  less  sensitive  to  DNA  damage  induced  by  radiation  or 
chemotherapeutic  agents  are  poorly  understood.  Status  of  cell 
cycle  checkpoint-signaling  pathways  has  been  argued  to  be  an 
important  determinant  of  the  response  to  DNA  damage,  and 
mutations  in  checkpoint  components  are  prevalent  in  human 
cancers  (reviewed  in  refs.  1  and  2).  A  recently  introduced 
paradigm  suggests  that  tumor  cells  exhibit  growth  arrest  or 
apoptosis  in  response  to  cytotoxic  therapies  depending  on  the 
functional  state  of  checkpoint  pathways  and  that  radiation- 
induced  apoptosis  may  result  from  impaired  growth  arrest 
pathways  (3).  Similarly,  in  other  systems  using  nontransformed 
cells,  incomplete  mechanisms  of  DNA  repair,  occurring  during 
checkpoint  phase  delay,  increase  the  tendency  to  apoptosis  (4). 

Human  glioblastomas  exhibit  many  genetic  alterations,  in¬ 
cluding  amplification  and/or  mutation  of  the  gene  encoding 
the  epidermal  growth  factor  receptor  (EGFR)  (reviewed  in 
refs.  5  and  6)  in  some  cases  resulting  in  expression  of  a 
constitutively  activated  EGF  receptor  kinase  (7-9).  We  have 
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shown  that  expression  of  a  fran^-receptor  inhibitor  of  the 
EGFR,  derived  from  the  ectodomain  of  the  pl85neu  oncogene 
(T691stop  neu),  forms  heterodimers  with  both  full-length 
EGFR  and  a  constitutively  activated  extracellular-deleted 
mutant  EGFR  form  (AEGFR)  commonly  observed  in  human 
glial  tumors,  particularly  those  of  higher  pathologic  grade  (9, 
10).  Cell  growth  and  transformation  of  EGFR-positive  or 
EGFR/AEGFR-coexpressing  human  glioma  cells  is  inhibited 
by  kinase-deficient  deletion  mutants  of  pl85neu  (9,  10).  The 
surface-localized  T691stop  neu  mutant/EGFR  heterodimeric 
receptor  complex  has  decreased  affinity  for  the  EGF  ligand, 
impaired  internalization  kinetics,  reduced  phosphotyrosine 
content,  and  diminished  enzymatic  kinase  activity  relative  to 
full-length  EGFR  and  AEGFR  homodimeric  complexes  (9, 
10). 

The  specific  pathways  mediating  oncogenic  transformation 
in  EGFR  positive-transformed  human  cells  have  not  been 
characterized  completely.  Naturally  occurring  AEGFR  onco¬ 
proteins  may  increase  constitutive  activity  of  a  Grb2/Shc/Ras 
pathway  (11)  and  signaling  through  phosphatidyl  inositol-3 
(PI-3)  kinases  (12),  presumably  by  binding  to  distinct  adaptor 
proteins  (13).  Particular  mitogen-activated  protein  kinases, 
such  as  those  of  the  c-jun  amino  terminal  kinase  family,  may 
be  constitutively  activated  by  ligand-independent  oncogenic 
AEGF  receptors  (14).  Although  holo-EGFRs  have  been  found 
to  be  weakly  transforming  only  in  a  ligand-dependent  manner 
at  high  levels  of  receptor  expression  in  fibroblasts,  many 
human  tumors  exhibit  elevated  levels  of  EGFR  and  this  may 
contribute  to  unregulated  kinase  activity  in  transformed  cells 
(15,  16). 

We  sought  to  address  whether  specific  inhibition  of  signaling 
through  the  overexpressed  EGFR  in  radioresistant  human 
glioma  cells  would  alter  the  physiologic  response  of  these  cells 
to  the  induction  of  genomic  damage,  y-irradiation  combined 
with  erbB  receptor  inhibition  resulted  in  a  greater  degree  of 
radiation-induced  growth  arrest  and  apoptosis  in  cancer  cells 
normally  resistant  to  ionizing  radiation.  These  results  have 
implication  for  the  design  of  receptor-specific  agents  capable 
of  sensitizing  cells  to  cytotoxic  therapies  and  suggest  that  erbB 
receptor-specific  inhibition  combined  with  cytotoxic  treat¬ 
ments  may  improve  the  response  to  anticancer  regimens. 

MATERIALS  AND  METHODS 

Vector  Construction.  The  derivation  of  the  T691stop  neu 
mutant  receptor  construct  has  been  detailed  previously  (10). 

Abbreviations:  DAPI,  4',6-diainidino-2-phenylindole  dihydrochloride 
hydrate;  EGFR,  epidermal  growth  factor  receptor;  RT,  radiation 
treatment. 
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Maintenance  of  Cells  and  Development  of  Stably  Trans¬ 
fected  Cell  Lines.  The  U87MG  human  glioblastoma  cell  line 
was  obtained  from  Webster  Cavenee  (Ludwig  Cancer  Insti¬ 
tute,  San  Diego).  U373MG  human  glioma  cells,  originally 
isolated  from  a  human  anaplastic  astrocytoma,  were  obtained 
through  the  American  Type  Tissue  Collection  (ATCC;  Rock¬ 
ville,  MD).  Maintenance  of  cells  lines,  methods  for  deriving 
subclones  expressing  pl85neu-derived  proteins  and  transfec¬ 
tion  procedures  have  been  described  previously  (9,  10). 

Flow  Cytometric  Analysis  of  Cell  Cycle  Distribution.  Cells 
were  stained  for  flow  cytometry  by  sequential  treatment  with 
0.003%  trypsin  solution,  followed  by  0.05%  trypsin  inhibitor, 
0.01%  RNase  A  solution,  and  then  0.0416%  propidium  iodide 
and  5  mM  spermine  tetrachloride  solution.  Each  treatment 
was  performed  for  10  min  with  continuous  shaking  at  room 
temperature.  All  reagents  were  ordered  from  Sigma.  Cell  cycle 
analysis  was  performed  within  2  h  of  staining  on  a  Becton 
Dickinson  FACScan  flow  cytometer.  Ten  thousand  events 
were  collected  for  each  sample  and  the  data  analyzed  by  using 
the  MODFIT  cell  cycle  analysis  program  (Becton  Dickinson, 
version  2.0). 

Nuclei  Staining  and  Morphologic  Analysis  of  Apoptosis. 
Cells  were  plated  onto  coverslips  for  at  least  12  h  before 
irradiation.  Irradiation  was  performed  in  conditions  identical 
to  the  colony  formation  assays.  Coverslips  were  then  washed 
twice  with  PBS  at  the  indicated  times  and  fixed  in  50:50  mix  of 
ice-cold  methanol/acetone  for  1  min.  Coverslips  were  subse¬ 
quently  stained  with  4',6-diamidino-2-phenylindole  dihydro¬ 
chloride  hydrate  (DAPI)  (Sigma)  at  a  concentration  of  0.1-.25 
/LLg/ml  in  PBS.  Inter-observer  consistency  in  apoptosis  counts 
was  confirmed  with  terminal  deoxynucleotidyl  transferase- 
mediated  dUTP  nick  end  labeling-staining  and  by  three  inde¬ 
pendent  observers. 

Cell  counts  were  performed  within  30  min  of  staining,  and 
photographs  were  taken  on  a  Zeiss  Axioplan  epifluorescence 
microscope.  At  least  three  independent  fields  of  100  cells  were 
counted  for  each  sample. 

Colony  Formation  Assay.  Cell  survival  after  irradiation  was 
assessed  by  the  colony  formation  assay.  The  number  of  cells  to 
be  plated  was  calculated  to  form  20-200  colonies  per  dish  at 
each  radiation  dose  and  plated  into  10-cm  culture  dishes 
(Fisher  Scientific).  By  using  a  J.  L.  Shepherd  (San  Fernando, 
CA)  model  30  Mark  I  Cesium-137  irradiator,  12.8  Gy/min  of 
irradiation  was  delivered  to  the  cells  on  a  rotating  platform  to 
ensure  uniform  dosing.  Cells  were  incubated  after  irradiation 
at  37°C  with  5%  CO2  for  7-10  days  and  then  stained  with 
crystal  violet.  Colonies  containing  >50  cells  were  counted 
under  a  dissecting  microscope.  The  surviving  fraction  is  the 
ratio  of  the  number  of  colonies  formed  to  the  number  of  cells 
plated  and  was  corrected  for  plating  efficiency.  At  least  three 
cell  concentrations  were  used  for  each  radiation  dose. 

Western  Blotting.  For  each  time  point,  10^  cells  per  6-cm 
plate  were  harvested  by  lysis  in  400  jllI  of  sample  buffer  (10% 
glycerol/2%  SDS/100  mM  DTT/50  mM  Tris,  pH  6.8).  Thirty 
microliters  of  each  lysate  was  loaded  per  lane  and  separated  by 
electrophoresis  on  a  15%  SDS -polyacrylamide  gel  before 
overnight  transfer  to  a  nitrocellulose  membrane  (Bio-Rad). 
Membranes  were  probed  with  mouse  anti-human  p53  mAb 
(NeoMarkers,  Fremont,  CA),  followed  by  goat  anti-mouse  Ig 
secondary  antibody  coupled  to  horseradish  peroxidase  (Am- 
ersham).  To  reduce  background  antibody  binding,  incubation 
with  secondary  antibody  in  2.5%  powdered  milk  in  PBS  was 
performed.  Detection  was  performed  by  enhanced  chemilu¬ 
minescence  (ECL,  Amersham).  Relative  levels  of  p53  expres¬ 
sion  were  determined  by  scanning  the  blots  using  a  scanning 
densitometer  (Molecular  Dynamics). 

Antibodies.  The  mAb  7.16.4  reactive  against  the  pl85neu 
ectodomain  has  been  described  (10).  Polyclonal  antibodies 
reactive  with  p53  and  p21  were  obtained  from  NeoMarkers. 


Antibodies  reactive  with  bcl-2,  bax,  and  bcl-XL  were  obtained 
from  Oncogene  Science. 

RESULTS 

Cell  Cycle  Distribution  of  Cycling  Human  Glioblastoma 
Cells  Treated  with  y-Irradiation:  Effects  of  Disabling  erbB 
Signaling  on  Growth  Arrest.  For  both  U87MG  and  U87/T691 
cells,  prolonged  serum  starvation  alone  (72-100  h)  led  to 
increased  accumulation  of  cells  in  Go/ Gi,  with  modest  reduc¬ 
tions  in  both  the  S  and  G2/M  populations.  U87/T691  cells 
exhibited  a  higher  Go/Gi  fraction  than  parental  U87MG  cells 
either  in  the  presence  of  serum  (Fig.  1  A  and  C)  or  after 
prolonged  serum  deprivation  (data  not  shown).  The  relative 
increase  in  growth  arrest  induced  by  expression  of  the 
T691stop  neu  mutant  receptor  in  U87MG  cells  was  thus  not 
overcome  by  growth  in  full  serum. 

Induction  of  growth  arrest  by  exposure  of  asynchronously 
cycling  transformed  human  glial  cell  populations  to  y-irradi- 
ation  was  greater  than  that  induced  by  prolonged  serum 
deprivation  alone.  In  both  U87MG  and  U87/T691  cells, 
irradiation  of  cells  grown  under  full  serum  growth  conditions 
caused  robust  increases  in  Go/Gi  and  G2/M,  and  a  decrease 
in  the  percentage  of  cells  in  S  phase,  as  determined  by  flow 
cytometric  staining  for  DNA  content  (Fig.  1  B  and  D). 
Reduction  of  the  S  phase  fraction  and  accumulation  of  cells  in 
G2  is  characteristic  of  cells  sustaining  DNA  damage  (4,  17). 
The  data  in  Fig.  1  depict  a  representative  experiment  of  cells 
analyzed  72  h  after  y-irradiation.  Earlier  time  points  indicated 
similar  trends,  but  analysis  72  h  after  irradiation  was  chosen  to 
be  consistent  with  subsequent  experiments  (see  below).  An 
analysis  of  three  independent  experiments  revealed  the  fol¬ 
lowing  changes  in  cell  cycle  distribution  [mean  percent  of 
cells  ±  SEM;  ±  radiation  treatment  (RT)]:  (/)  U87MG 
parental  cells:  Go/Gi:  26  ±  2.8,  +RT  51.5  ±  2,1;  S:  66  ±  4.2, 
+RT21  ±  2.8;  G2/M:  8  ±  1.4,  +RT  28.5  ±  0.7;  (ii)  U87/T691 
cells:  Go/Gi:  34.5  ±  4.9,  +RT  71  ±  7.1;  S:  57.5  ±  4.9,  +RT 
16  ±  4.2;  G2/M:  7.5  ±  0.7,  4-RT  12.5  ±  3.5.  U87/T691  cells 
exhibited  a  higher  Go/Gi  fraction  and  reduced  S  and  G2/M 


Fig.  1.  Cell  cycle  distribution  of  human  glioblastoma  cells  with  or 
without  radiation  treatment  in  10%  serum.  Parental  U87MG  cells  (A 
and  5)  and  U87/T691  transfectants  (C  and/))  were  studied.  Cells  were 
plated  in  60-mm  dishes  and  allowed  to  attach  before  either  being 
7-irradiated  (10  Gy)  (B  and  D)  or  mock-irradiated  (A  and  C).  After 
72  h,  cells  were  than  analyzed  by  flow  cytometry  after  propidium 
iodide  staining.  The  distributions  of  cells  according  to  DNA  content 
are  indicated  in  each  panel.  The  data  shown  in  this  experiment  are 
representative  of  four  independent  experiments. 
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populations  when  compared  with  parental  glioblastoma  cells 
when  grown  asynchronously  in  culture  either  with  or  without 
radiation  treatment,  and  the  largest  difference  was  in  the 
Go/Gi  population.  Radiation-induced  increases  in  the  G2/M 
fraction  were  seen  in  both  U87MG  and  U87/T691  cells, 
although  to  a  greater  degree  in  parental  U87MG  cells.  Serum 
deprivation  and  radiation  treatment  in  these  cell  populations 
was  not  additive  and  did  not  appreciably  alter  the  cell  cycle 
distributions  in  either  cell  line  from  that  observed  with  radi¬ 
ation  treatment  in  full  serum  (data  not  shown).  Thus,  disabling 
EGFR-mediated  signaling  appears  to  induce  a  growth  arrest 
by  a  mechanism  distinct  from  that  observed  with  prolonged 
serum  deprivation. 

Trans-Receptor  Inhibition  Sensitizes  Human  Glioblastoma 
Cells  to  Radiation-Induced  Apoptosis.  Human  glioblastoma 
cells  have  been  shown  to  be  especially  resistant  to  radiation 
treatment  both  experimentally  and  clinically.  EGFR  overex¬ 
pression  and/or  mutation  has  been  correlated  with  particularly 
aggressive  human  glial  tumors  and  oncogenicity  was  suggested 
to  be  caused  by  reduced  apoptosis  in  vitro  and  in  vivo  (18).  We 
examined  whether  inhibition  of  EGFR-mediated  signaling  in 
human  glioblastoma  cells  by  the  T691stop  neu  mutant  receptor 
could  sensitize  cells  to  apoptotic  cell  death. 

With  prolonged  serum  deprivation,  we  observed  only  0-1% 
apoptosis  in  U87MG  parental  cells  by  either  4'-6-diamidino- 
2-phenylindole  (DAPI)  staining  or  terminal  deoxynucleotidyl 
transferase-mediated  dUTP  nick  end-labeling  staining,  which 
was  less  than  that  observed  in  other  studies  (18).  We  found  that 
U87MG-derived  cells  do  not  exhibit  a  sub-Go  peak  by  flow 
cytometric  analysis  after  propidium  iodide  staining  under 
conditions  causing  apoptosis,  which  is  in  agreement  with 
others  (19).  Expression  of  the  T691stop  neu  inhibitor  in 
U87MG  cells  resulted  in  only  0-2%  apoptosis  with  prolonged 
serum  deprivation  as  determined  by  immunohistochemical 
identification  of  apoptotic  nuclei  with  DAPI. 

Apoptosis  was  maximal  in  repeated  studies  at  72  h,  and  this 
time  point  was  selected  for  all  additional  experiments.  Expres¬ 
sion  of  the  T691stop  neu  protein  in  the  U87MG  cell  back¬ 
ground  increased  the  level  of  radiation-induced  apoptosis  to 
23  ±  7.9%  (mean  ±  SEM)  at  72  h  in  four  independent 
experiments  in  full  growth  media  (Fig.  24).  Prolonged  serum 
deprivation  combined  with  radiation  resulted  in  33  ±  10.6% 
apoptosis  in  U87/T691  cells  and  in  11  ±  1.5%  apoptosis  in 
parental  U87MG  cells,  a  comparable  increase  in  both  popu¬ 
lations  above  that  observed  with  radiation  of  cells  in  full 
growth  media.  These  data  indicate  that  T691stop  neu  expres¬ 
sion  induced  greater  apoptosis  than  prolonged  serum  depri¬ 
vation  in  U87MG  cells.  The  morphological  changes  of  nuclear 
blebbing  and  fragmentation  characteristic  of  apoptosis  are 
shown  by  immunohistochemical  analysis  of  U87MG-derived 
cultured  cells  stained  with  DAPI  (Fig.  3A-D).  The  apoptotic 
indices  represent  an  underrepresentation  of  total  cell  death 
after  radiation  in  U87/T691  cells  because  we  were  unable  to 
examine  floating  cells  immunohistochemically. 

Clonogenic  Survival  of  Irradiated  Human  Glioblastoma 
Cells,  We  measured  the  number  of  cells  that  escape  growth 
arrest  or  death  and  are  able  to  go  on  to  form  a  colony,  an  assay 
commonly  used  to  determine  radiosensitivity.  In  certain  cases, 
clonogenic  growth  assays  have  not  correlated  with  sensitivity 
to  radiation  or  chemotherapy  (3),  presumably  because  the  fate 
of  the  dead  or  stably  arrested  cells  is  not  determined  in  this 
assay  (20).  As  shown  in  Fig.  4,  U87/T691  cells  exhibited 
increased  sensitivity  to  radiation  across  a  range  of  radiation 
concentrations  (2-10  Gy).  U87/T691  cells  were  approximately 
one-half  log  more  sensitive  to  radiation  than  their  untrans¬ 
fected  parental  counterparts  at  all  radiation  doses  tested. 
These  data  suggest  a  correlation  between  increases  in  growth 
arrest  and  apoptosis  and  increased  radiosensitivity  after  inhi¬ 
bition  of  erbB  signaling  in  irradiated  human  glioma  cells.  We 
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Fig.  2.  Determination  of  apoptosis  and  clonogenic  survival  after 
7-irradiation  of  human  glioblastoma  cells.  {A)  Cells  were  plated  and 
allowed  to  attach  before  being  exposed  to  7-irradiation  (10  Gy)  in  10% 
serum  or  serum-free  media.  After  72  h,  quantitation  of  apoptosis  was 
conducted  by  two  independent  observers.  The  apoptotic  index  is  the 
percentage  of  apoptotic  cells  with  morphologic  evidence  of  apoptosis 
as  determined  by  staining  of  nuclei  with  DAPI.  Results  presented  are 
mean  ±  SEM  of  four  independent  experiments,  and  the  mean  is 
indicated  in  parentheses.  U87MG  cells  were  grown  in  10%  serum  (□) 
or  serum-free  media  (^)  and  U87/T691  cells  were  grown  in  10% 
serum  (m)  or  serum-free  media  (■).  (5)  U87MG  and  U373MG  human 
glioma  cells  and  derivatives  were  stained  with  DAPI  and  analyzed  for 
apoptotic  morphology  72  h  after  7-irradiation.  The  mean  is  indicated 
in  parentheses,  and  the  index  shown  in  this  representative  experiment 
is  mean  ±  SD.  These  results  are  representative  of  two  additional 
experiments.  Apoptotic  indices  were  felt  to  be  an  underestimate 
because  floating  cells  could  not  be  assayed  by  this  technique. 

confirmed  these  results  by  analysis  of  additional  T691stop 
neu-expressing  subclones. 

Relationship  of  Radiation  Sensitivity  of  Human  Glioblas¬ 
toma  Cells  to  p53  Status.  U87MG  cells  and  their  derivatives 
contain  wild-type  p53  and  p21  proteins.  p53  status  has  been 
shown  to  influence  the  response  to  ionizing  radiation  in  a 
number  of  transformed  and  nontransformed  cell  types  (21- 
23).  Western  analysis  of  cell  lysates  obtained  at  distinct  time 
points  after  radiation  treatment  indicated  persistent  increases 
in  p53  protein  levels  detected  at  all  times  between  6  and  72  h 
after  radiation  in  both  U87MG  and  their  T691stop  neu- 
transfected  derivatives  (Fig.  5).  The  zero  time  point  indicates 
cells  which  were  7-irradiated  and  immediately  lysed  for  anal¬ 
ysis.  p53  densities  were  comparable  at  this  time  point  to 
mock-irradiated,  cycling  cells  (data  not  shown).  We  observed 
a  10-fold  increase  in  p53  density  12  h  after  radiation  in 
U87/T691  cells,  as  compared  with  only  1.5-  to  3-fold  increases 
in  both  U87MG  cells  and  U87/T691  cells  at  all  other  time 
points  examined.  This  trend  was  consistently  observed  (four 
experiments),  and  was  seen  in  U87/T691  cells  as  early  as  6  h 
after  radiation  in  some  experiments,  and  suggests  that  p53- 
dependent  signaling  pathways  may  be  more  efficiently  acti¬ 
vated  by  disabling  the  EGFR  in  the  presence  of  genomic 
damage.  Alterations  in  p53-regulated  checkpoint  proteins 
have  been  observed  12  h  after  the  induction  of  genomic 
damage  by  7-irradiation  (24)  Growth  inhibition  and  differen¬ 
tiation  of  human  breast  cancer  cells  after  ligation  of  erbB 
receptors  has  been  associated  with  activation  of  a  p53- 
dependent  pathway  (25). 

p21  was  induced  in  both  U87MG  and  U87/T691  cells  after 
radiation  treatment,  with  highest  levels  seen  24  h  after  radi¬ 
ation  exposure  in  both  cell  lines.  In  both  U87MG  cells  and 
U87/T691  cells,  p21  protein  density  6-24  h  after  radiation  was 
comparable  (data  not  shown).  Although  others  (18)  have 
suggested  that  up-regulation  of  bcl-XL  is  associated  with  re¬ 
duced  apoptosis  in  human  glioma  cells,  we  detected  no  changes 
in  bcl-XL  protein  expression  after  radiation  in  either  U87MG 
or  U87/T691  cells.  Both  constitutive  and  radiation-induced 
bcl-XL  levels  were  comparable  in  U87MG  and  U87/T691  cells 
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Fig.  3.  Morphologic  assessment  of  apoptosis  in  human  glioma  cells 
after  7-irradiation.  All  cells  were  stained  with  DAPI  72  h  after  being 
exposed  to  7-irradiation.  Parental  U87MG  cells  (a  and  c)  and  U87/ 
T691  clonal  derivatives  (b  and  d)  are  depicted  at  two  magnifications. 
Nuclei  exhibiting  apoptotic  morphology  are  indicated  by  the  arrows. 
Parental  U373MG  cells  (e)  and  U373/T691  subclones  1  fe)  and  12  (/) 
are  shown  after  staining  with  DAPI. 

(data  not  shown).  Examination  of  bax  and  bcl-2  protein  levels 
did  not  reveal  differences  between  glioblastoma  cells  and  their 
inhibited  subclones. 

Apoptosis  in  p53-Mutated  Human  Glioblastoma  Cells. 

U373MG  human  glioma  cells  contain  a  mutated  p53  gene 
product,  have  undetectable  levels  of  the  p21  protein  (26,  27), 
and  display  a  comparable  elevation  of  surface  EGFR  to 
U87MG  cells  by  flow  cytometric  analysis.  These  cells  were 
used  to  determine  whether  the  observed  apoptosis  after 
inhibition  of  EGFR-mediated  signaling  and  7-irradiation  was 
dependent  on  a  wild-t5^e  p53  protein.  U373MG  cells  exhibited 
increases  in  levels  of  a  mutated  p53  protein  after  7-irradiation 
but  do  not  express  p21  constitutively  or  after  radiation  treat¬ 
ment  (data  not  shown,  ref.  27). 

We  expressed  the  truncated  T691stop  neu  protein  in 
U373MG  glioma  cells  and  confirmed  expression  at  levels 
comparable  with  U87 /T691  cells  in  four  U373/T691  subclones 
by  metabolic  labeling  and  flow  cytometic  analysis  (data  not 
shown).  Surface  levels  for  the  T691stop  neu  mutant  receptor 
was  equivalent  in  U87/T691,  U373/T691  cl  1  and  U373/T691 
cl  12  subclones,  and  two  additional  T691stop  neu-expressing 
U373MG  derivatives.  U373/T691  subclones  were  capable  of 
growth  arrest  in  low  serum  and  displayed  a  lawn  of  confluent 
cells  without  the  development  of  morphologically  transformed 
foci  in  vitro  (data  not  shown),  indicating  that  wild-type  p53  and 
p21  proteins  were  not  required  to  arrest  growth  or  inhibit 
transformation  of  glioma  cells  in  which  erbB  signaling  was 
disabled. 


RT  Dose  (Gy) 

Fig.  4.  Clonogenic  survival  after  irradiation.  Cells  were  plated  and 
7-irradiated  with  varying  doses  of  radiation  followed  by  incubation  for 
7-10  days  at  37°C  with  5%  CO2.  Colonies  were  then  stained  and  those 
with  >50  cells  were  counted  under  a  dissecting  microscope.  The  log 
survival  was  then  determined  by  calculating  the  ratio  of  the  number  of 
colonies  formed  to  the  number  of  cells  plated,  after  correcting  for 
plating  efficiency.  Similar  experiments  were  performed  three  times. 

U373/T691  cl  1  and  U373/T691  cl  12  subclones  exhibited 
increased  levels  of  apoptosis  over  parental  U373MG  cells  after 
radiation  (Figs.  2B  and  3E-G),  In  the  representative  experi¬ 
ment  shown,  two  U373/T691  subclones  exhibited  32%  and 
59%  apoptosis,  respectively,  72  h  after  7-irradiation,  compared 
with  2%  apoptosis  in  parental  U373MG  cells  and  20%  apo¬ 
ptosis  in  U87/T691  cells.  Disabling  EGFR  signaling  by  ex¬ 
pression  of  T691stop  neu  in  two  distinct  human  glioma  cell 
lines  containing  differences  in  p53  and  p21  status  resulted  in 
increased  radiation-induced  apoptosis  in  each  case.  Sensitiza¬ 
tion  of  human  glioblastoma  cells  to  genomic  damage  can  thus 
occur  in  the  absence  of  wild-type  p53  and  p21  proteins.  Taken 
together,  these  data  suggest  that  both  p53-dependent  (Fig.  5) 
and  p53-independent  pathways  may  mediate  sensitization  to 
cell  death  induced  by  a  combination  of  fran5-receptor  inhibi¬ 
tion  and  genomic  damage.  Of  note,  human  glioblastoma  cells 
in  which  EGFR  signaling  is  disabled  do  not  appear  to  be  more 
sensitive  to  either  prolonged  serum  deprivation  or  tumor 
necrosis  factor  a-mediated  cell  death  than  parental  cells  (data 
not  shown). 

DISCUSSION 

Specific  inhibition  of  EGFR  signaling  inhibits  cell  growth  and 
transformation  and  also  sensitizes  radioresistant  human  gli¬ 
oma  cells  to  radiation-induced  genomic  damage.  Glioblastoma 
cells  expressing  a  trans-dommant  pl85neu-derived  mutant 
receptor  exhibit  a  greater  Gi  phase  arrest  and  higher  levels  of 
apoptosis  after  radiation  than  their  parental  counterparts.  In 

U87MG  U87/T691 


Fig.  5.  Analysis  of  p53  induction  in  human  glioblastoma  cells  after 
7-irradiation.  10^  U87MG  and  U87/T691  cells  containing  a  wild-type 
p53  gene  product  were  plated  and  7-irradiated  (10  Gy)  after  attach¬ 
ment  overnight.  Lysates  were  then  taken  at  the  indicated  times  after 
radiation,  subjected  to  SDS/PAGE  and  immunoblotted  with  an 
antibody  reactive  with  p53.  Control  (C)  cells  were  MCF-7  breast 
cancer  cells  containing  immunoreactive  p53  protein.  We  consistently 
demonstrated  more  robust  induction  of  the  p53  protein  at  12  h  after 
7-irradiation  in  U87/T691  subclones  on  four  independent  occasions. 
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mammalian  fibroblasts  (28)  and  in  specialized  neuronal  cells 
(29,  30),  serum  or  growth  factor  deprivation  can  lead  to 
apoptosis  under  particular  conditions.  Prolonged  serum  de¬ 
privation  alone  did  not  induce  apoptosis  in  human  glioblas¬ 
toma  cells  in  these  studies.  DNA  damage  combined  with  either 
disabling  of  erbB  receptor  signaling  or  serum  deprivation  was 
required  to  induce  apoptosis.  Apoptosis  was  induced  by  radi¬ 
ation  in  23%  of  U87MG  derivatives  and  in  32-59%  of 
U373MG-derived  subclones  in  which  EGFR  was  disabled 
(cornpared  with  only  1-2%  in  parental  cells)  in  full  growth 
media,  indicating  that  inhibition  of  EGFR  signaling  by  trans- 
receptor  inhibition  could  not  be  overcome  by  growth  in  serum. 
Serum  deprivation  combined  with  radiation  damage  increased 
observed  levels  of  apoptosis  in  both  parental  U87MG  cells  and 
T691stop  neu-expressing  human  glioblastoma  derivatives  to 
the  same  degree.  Notably,  after  DNA  damage,  the  apoptosis 
observed  by  disabling  erbB  receptor  signaling  at  the  cell 
surface  was  greater  than  that  seen  with  serum  deprivation. 
Counterintuitively,  these  data  also  reveal  that  growth-inhibited 
glioma  cells  are  more  sensitive  to  radiation-induced  cell  death. 
Induction  of  an  inhibitory  pathway  occurring  as  a  result  of 
EGFR  inhibition  may  thus  sensitize  cancer  cells  to  radiation- 
induced  growth  arrest  and/or  cell  death. 

Resistance  of  y-irradiated  cells  is  affected  by  the  functional 
state  of  distinct  oncogenes.  Expression  of  oncogenic  Ras  or 
Raf  diminishes  radiosensitivity  in  NIH  3T3  cells  (31-34)  and 
expression  of  the  Ras^  plus  either  c-  or  v-myc  oncogenes 
conferred  resistance  to  rat  embryo  fibroblasts  exposed  to 
y-irradiation  (35).  It  is  also  true  that  expression  of  various 
oncogenes  can  sensitize  cells  to  apoptosis,  upon  exposure  to 
low  serum  (28)  or  to  anticancer  agents  (21,  36).  Division  delay 
occurring  in  both  the  Gi  and  G2  phases  of  the  cell  cycle  is 
influenced  by  the  expression  of  dominant  oncoproteins  such  as 
H-ras  (17).  Expression  of  a  wild-type  p53  protein  has  been 
associated  with  decreased  survival  after  y-irradiation,  due  to 
the  induction  of  a  higher  fraction  of  apoptosis  over  cells 
containing  a  mutated  p53  protein  (21,  22).  However,  tumor 
cells  containing  a  mutated  p53  protein  (37)  and  proliferating 
lymphoid  cells  derived  from  p53~^"  mice  (38)  have  been  shown 
to  undergo  apoptosis  after  radiation,  suggesting  p53- 
independent  mechanisms  of  cell  death  following  genomic 
damage. 

We  have  shown  that  p53-dependent  mechanisms  may  influ¬ 
ence  the  response  of  inhibited  glioma  cells  to  undergo  relative 
growth  arrest  and/or  apoptosis.  Our  results  in  U373MG- 
derived  cells  also  indicate  that  apoptotic  cell  death  occurring 
after  genomic  damage  in  transformed  human  cells  in  which 
EGFR  signaling  is  inhibited  involves  mechanisms  that  do  not 
require  wild-type  p53  and  p21  proteins.  p21~/”  mice  develop 
normally  and  do  not  appear  to  have  defects  in  programmed  cell 
death  required  for  normal  organ  development,  indicating  that 
p21  is  not  likely  to  be  required  for  apoptosis  (39).  p53“/"  mice 
display  genetic  instability  and  contain  elevated  c-myc  levels 
(40).  These  mice  undergo  significant  levels  of  apoptosis  in  vivo, 
indicating  that  p53-independent  mechanisms  of  apoptosis  are 
functional  in  both  normal  tissues  (40)  and  transformed  cells 
(37). 

Interestingly,  recent  work  demonstrates  that  the  absence  of 
p21  in  isogenically  matched  colorectal  carcinoma  cells  resulted 
in  reduced  growth  arrest  when  compared  with  p21-positive 
derivatives  of  the  same  cell  line  and  this  was  correlated  to  more 
inhibited  tumor  growth  in  vivo  (3).  These  observations  were 
ascribed  to  increased  apoptosis  due  to  defects  in  p21-mediated 
checkpoint  growth  arrest,  though  the  increased  tendency  to 
apoptose  by  p21“''“  cells  was  not  directly  shown  in  this  work. 
Induction  of  apoptosis  was  suggested  to  be  preferable  to 
growth  arrest  as  a  response  to  anticancer  therapy  in  vivo  (3). 
In  our  studies,  unlike  those  of  Waldmann  et  al  (3),  there  was 
a  correlation  between  apoptosis,  increased  growth  arrest,  and 
reduction  in  clonogenic  survival  after  radiation.  Pathways 


distal  to  the  specific  inhibitory  interaction  between  the 
T691stop  mutant  neu  protein  and  the  EGF  receptor  determine 
tumor  responsiveness  to  genomic  damage  and  these  pathways 
can  be  modulated  by  proximal  erbB  receptor  associations. 
Specific  inhibitory  pathways  initiated  at  the  level  of  the  cell 
membrane  and  associated  with  growth  arrest  and/or  apoptosis 
may  modulate  subsequent  checkpoint  outcomes  in  response  to 
DNA  damage. 

Under  certain  circumstances,  particularly  in  cancer  cells, 
apoptosis  may  be  favored  after  genomic  damage  if  defects  in 
pathways  mediating  growth  arrest  are  present  (3).  Addition¬ 
ally,  when  cells  are  capable  of  undergoing  both  growth  arrest 
and  apoptosis,  as  in  the  case  of  p21-containing  and  -deficient 
human  glioma  cells  in  which  EGFR  signaling  was  disabled  in 
these  studies,  apoptosis  may  be  induced  after  certain  signals, 
such  as  radiation.  The  ability  or  inability  to  induce  growth 
arrest  per  se  does  not  appear  to  be  a  major  determinant  of 
radiosensitivity  because  both  radioresistant  parental  human 
glioblastoma  cell  lines  and  more  radiosensitive  derivatives 
exhibited  growth  arrest  with  prolonged  serum  deprivation  or 
exposure  to  radiation,  and  radiosensitive  subclones  displayed 
a  greater  degree  of  growth  arrest. 

Our  data  indicate  that  the  relative  proportion  of  growth 
arrest  or  apoptosis  induced  by  genomic  damage  is  influenced 
by  both  the  integrity  of  specific  checkpoints  and  alterations  in 
erbB-signaling  pathways.  Notably,  modulating  receptor  ty¬ 
rosine  kinase  signaling  pathways  may  influence  checkpoint 
outcomes  after  DNA  damage  in  transformed  cells.  Others  (41) 
have  shown  that  activation  of  erbB-signaling  pathways  in 
breast  cancer  cells  contributes  to  radioresistance,  suggesting 
that  erbB  family-signaling  pathways  influence  the  response  to 
DNA  damage  in  many  tumor  types.  By  combining  biologic 
inhibition  of  signaling  with  agents  capable  of  specifically 
inhibiting  receptor  oncoproteins  of  the  tyrosine  kinase  family, 
we  may  be  able  to  influence  the  kinetics  of  tumor  cell  response 
to  standard  cytotoxic  agents.  The  timing  of  administration  of 
cytotoxic  therapies  may  be  optimized  in  such  combination 
therapies  ,and  these  data  suggest  that  selective  antitumor 
effects  of  presently  available  anticancer  regimens  could  be 
improved,  even  in  the  treatment  of  advanced  human  malig¬ 
nancies  containing  alterations  in  multiple  checkpoint  signal 
transduction  pathways. 
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We  expressed  the  epidermal  growth  factor  receptor 
(EGFR)  along  with  mutant  plSS'*^"  proteins  containing 
the  rat  transmembrane  point  mutation.  The  work  con¬ 
cerned  the  study  of  the  contributions  made  by  various 
pl85"^*^  subdomains  to  signaling  induced  by  a  het- 
erodimeric  ErbB  complex.  Co-expression  of  full-length 
EGFR  and  oncogenic  pl85”®“  receptors  resulted  in  an 
increased  EGF-induced  phosphotyrosine  content  of 
pl85"^“,  increased  cell  proliferation  to  limiting  concen¬ 
trations  of  EGF,  and  increases  in  both  EGF-induced 
MAPK  and  phosphatidylinositol  3-kinase  (PI  3-kinase) 
activation.  Intracellular  domain-deleted  pl85"^“  recep¬ 
tors  (T691stop  neu)  were  able  to  associate  with  full- 
length  EGFR,  but  induced  antagonistic  effects  on  EGF- 
dependent  EGF  receptor  down-regulation,  cell 
proliferation,  and  activation  of  MAPK  and  PI  3-kinase 
pathways.  Ectodomain-deleted  pl85"®“  proteins  (TA5) 
were  unable  to  physically  associate  with  EGFR,  and  ex¬ 
tracellular  domain-deleted  pl85"®“  forms  failed  to  aug¬ 
ment  activation  of  MAPK  and  PI  3-kinase  in  response  to 
EGF.  Association  of  EGFR  with  a  carboxyl-terminally 
truncated  pl85"^“  mutant  (TAPstop)  form  did  not  in¬ 
crease  transforming  efficiency  and  phosphotyrosine 
content  of  the  TAPstop  species,  and  proliferation  of 
EGFR*TAPstop-co-expressing  cells  in  response  to  EGF 
was  similar  to  cells  containing  EGFR  only.  Thus,  neither 
cooperative  nor  inhibitory  effects  were  observed  in  cell 
lines  co-expressing  either  TA5  or  TAPstop  mutant  pro¬ 
teins.  Unlike  the  formation  of  potent  homodimer  assem¬ 
blies  composed  of  oncogenic  pl85"®“,  the  induction  of 
signaling  from  pl85"®“*EGFR  heteroreceptor  assemblies 
requires  the  ectodomain  for  ligand-dependent  physical 
association  and  intracellular  domain  contacts  for  effi¬ 
cient  intermolecular  kinase  activation. 
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The  ErbB  family  includes  four  members  of  homologous  re¬ 
ceptor  tyrosine  kinases,  the  epidermal  growth  factor  receptor 
(EGFR^  or  ErbB-1)  (1),  ErbB-2*pl85^"“  (2,  3),  ErbB-3  (4),  and 
ErbB-4  (5).  ErbB  family  proteins  are  widely  expressed  in  epi¬ 
thelial,  mesenchymal,  and  neuronal  tissues,  and  play  impor¬ 
tant  roles  in  normal  growth  and  development  (6-9).  Aberrant 
expression  of  these  ErbB  proteins  is  frequently  observed  in 
human  malignancies  (10). 

The  transmembrane  mutation  in  rat  pl85'^®“  (also  termed 
Tneu)  (12)  serves  as  a  paradigm  for  receptor  dimerization  that 
leads  to  constitutive  kinase  activation  contributing  to  onco¬ 
genic  transformation  (11—13).  Additional  support  for  this  mech¬ 
anism  has  come  from  the  identification  of  a  naturally  occurring 
activated  EGFR  oncoprotein  (AEGFR  or  EGFRvIII)  in  human 
tumors,  which  forms  constitutive  dimers  and  confers  increased 
tumorigenicity  (14,  15).  Gene  amplification  and  overexpression 
of  ErbB-2  have  been  observed  in  a  high  frequency  of  human 
adenocarcinomas,  including  those  of  the  breast  and  ovary,  and 
these  features  correlate  with  poor  clinical  prognosis  (16,  17). 
Experimental  support  for  this  model  is  provided  by  in  vitro 
transformation  assays  using  cell  lines  overexpressing  either 
protooncogenic  rat  plSS""’”^"  or  human  ErbB-2  at  levels  of  10® 
receptors/cell  (18,  19).  Biochemical  and  biophysical  analysis  of 
baculovirus-expressed  plSb”^""  proteins  further  support  the  no¬ 
tion  of  receptor  oligomerization  as  a  mechanism  of  kinase  ac¬ 
tivation  of  normal  holoreceptors  (20,  21). 

Heterodimeric  interactions  govern  many  signaling  proper¬ 
ties  within  the  ErbB  receptor  family.  Co-expression  of  EGFR 
and  pl85^  ”^“  at  modestly  elevated  levels  (10®/cell)  (but  not 
either  receptor  independently)  results  in  S3mergistic  transfor¬ 
mation  (22),  due  to  increase  of  the  ligand  binding  affinity  and 
catalytic  kinase  activity  (23,  24).  Heterodimerization  of  EGFR 
and  ErbB-2  has  also  been  observed  in  human  breast  tumor 
lines  (25).  Moreover^  ligand  treatment  promotes  the  assembly 
of  an  activated  pl85^"”®“-EGFR  kinase  complex  in  many  cells 
(24),  resulting  in  novel  distinct  cellular  signaling  events  (26). 
Therefore,  the  receptor  tyrosine  kinase  ensemble  can  be  acti¬ 
vated  not  only  by  homodimer  formation,  but  also  by  het¬ 
erodimeric  associations.  In  this  regard,  endodomain  interac¬ 
tions  between  plSS”®""  and  EGFR  appear  to  influence 


^  The  abbreviations  used  are:  EGFR,  epidermal  growth  factor  recep¬ 
tor;  EGF,  epidermal  growth  factor;  PI  3 -kinase,  phosphatidylinositol 
3-kinase;  HA,  hemagglutinin;  PAGE,  polyacrylamide  gel  electrophore¬ 
sis;  MAP,  mitogen-activated  protein;  MAPK,  MAP  kinase;  mAb,  mono¬ 
clonal  antibody;  aa,  amino  acid(s);  DMEM,  Dulbecco’s  modified  Eagle’s 
medium;  FBS,  fetal  bovine  serum;  PBS,  phosphate-buffered  saline; 
MTT,  3,(4,5-dimethylthiazol-2-yl)2,5-diphenyl  tetrazolium  bromide); 
ERK,  extracellular  signal-regulated  kinase;  BS^,  bis(sulfosuccinimidyl) 
suberate. 
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functional  signaling  outcomes  (27). 

In  response  to  EGF  or  Neu  differentiating  factor/heregulin  (a 
ligand  for  ErbB-3  and  ErbB-4)  family  ligands  (28,  29),  EGFR 
and  ErbB-2  both  form  heterodimers  with  ErbB-3  and  ErbB-4 
(30—34).  Heterodimers  between  pl85"®“’ErbB-2  and  ErbB-3 
are  associated  with  activated  signaling  and  the  transformed 
phenotype  in  primary  human  cancer  cells  (35).  Existence  of  an 
ErbB-3*ErbB-4  heterodimer  has  not  been  convincingly  demon¬ 
strated  to  date.  More  recent  data  support  the  notion  that 
pl85”®“*ErbB-2  is  the  preferred  heterodimerization  partner  of 
all  ErbB  receptors  and  a  mediator  for  divergent  cellular  sig¬ 
naling  in  many  distinct  cell  types  (34,  36). 

The  structural  basis  for  ErbB  receptor  heterodimerization 
has  not  been  completely  defined  and  crystallographic  informa¬ 
tion  on  dimerized  ErbB  receptor  kinases  is  currently  unavail¬ 
able.  Previous  work  has  revealed  that  ectodomain  interactions 
are  sufficient  to  stabilize  dimer  formation  between  pl85”®“  and 
EGFR  in  fibroblasts  and  transformed  cells  (5,  37,  38),  which  is 
supported  by  observations  showing  that  a  partial  deletion  of 
the  EGF  receptor  ectodomain  still  allow  dimer  formation  and 
receptor  activation  (14,  15).  Although  the  transmembrane 
alone  can  stabilize  the  formation  of  pl85"®''  homodimers,  the 
relative  contributions  of  the  transmembrane  region  and  the 
ectodomain  have  not  been  directly  compared  regarding  the 
formation  of  signaling  heterodimers. 

In  this  study,  we  have  constructed  various  deletion 

mutants  in  order  to  specifically  compare  signaling  events  re¬ 
sulting  fi*om  associations  between  EGF  receptors  and  either 
pl85^®“  ectodomain-  or  endodomain-derived  mutant  receptors. 
We  have  co-expressed  EGFR  with  low  levels  of  pl85"®“  pro¬ 
teins,  or  their  mutant  derivatives,  to  monitor  pl85^®“-mediated 
enhancement  of  cell  growth  and  transformation  in  vitro  and  in 
vivo,  and  to  analyze  the  influence  of  EGF-induced  het- 
erodimeric  receptor  interactions  on  downstream  signaling  ef¬ 
fectors.  Signaling  resulting  from  heterodimeric  associations 
between  full-length  EGFR  and  mutant  pl85'^®“  proteins  has 
revealed  the  functional  importance  of  pl85"®“  subdomains  in 
the  induction  of  Ras/extracellular  signal-regulated  kinase 
(ERK)  and  phosphatidylinositol  3-kinase  (PI  3-kinase)  path¬ 
ways  contributing  to  cell  growth  and  transformation. 

EXPERIMENTAL  PROCEDURES 

Antibodies — As  described  previously  (20,  39,  40),  monoclonal  anti¬ 
body  7.16.4,  polyclonal  antiserum  a-Bacneu,  and  NCT  are  reactive  with 
the  ectodomain,  intracellular  domain,  and  carboxyl  terminus  of  plSS^"®", 
respectively.  mAb  225  reactive  with  the  ectodomain  of  EGFR  was  ob¬ 
tained  from  Dr.  John  Mendelsohn  (M.  D.  Anderson  Cancer  Center, 
Dallas,  TX).  A  polyclonal  rabbit  antiserum  specifically  against  the 
COOH  terminus  of  EGFR  (termed  CT)  was  provided  by  Dr.  Stuart 
Decker  (40).  The  anti-phosphotyrosine  monoclonal  antibody,  PY20,  was 
obtained  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA.). 

DNA  Constructs — ^All  the  deletion  mutants  were  derived  from  the  rat 
oncogenic  pl85”®“  cDNA  containing  a  single  point  mutation  (V664G)  in 
the  transmembrane  region.  The  TAPstop  mutant,  containing  a  122-aa 
truncation  of  the  COOH  terminus  was  prepared  as  described  previously 
(41).  A  T691stop  species  was  prepared  by  site-directed  mutagenesis  and 
substitution  of  a  stop  codon  for  Thr-691,  resulting  in  a  large  C34oplasmic 
deletion  (42,  43).  The  ectodomain-deleted  mutant  TA5  neu  protein  was 
described  previously  (27).  These  cDNAs  encoding  for  mutant  plSS”^®" 
forms  were  all  cloned  into  the  pSV2neo’^/DHFR  vector  as  described  (44) 
for  expression  in  murine  fibroblasts.  These  wild-type  or  mutant  pl85”®“ 
cDNAs  were  also  subcloned  into  pcDNAS  vector  for  transient  expres¬ 
sion  in  COS7  cells.  pSRaEGFR/hyg^  vector  (44)  was  used  for  full-length 
EGFR  expression. 

Transfection  and  Maintenance  of  Cell  Lines — ^Ten  micrograms  of  the 
pl85”®“  constructs  were  transfected  into  NR6  cells,  a  mouse  fibroblast 
cell  line  devoid  of  endogenous  EGF  receptors  (43),  or  NE91  cells  ex¬ 
pressing  human  EGFR  (37)  by  calcium  phosphate  precipitation.  After 
2—3  weeks  of  selection  with  Geneticin  (0.9  mg/ml),  the  established 
stable  clones  were  screened  and  characterized.  Gene  amplification  by 
methotrexate  was  used  to  increase  the  pl85”®“  receptor  level.  Expres¬ 
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sion  of  pl85”®“  and  its  derivatives  in  resultant  subclones  was  examined 
by  flow  cytometric  analysis  following  anti-pl85”®“  mAb  7.16.4  staining. 
Surface  expression  of  p  185”®“  proteins  was  then  estimated  by  compar¬ 
ing  the  mean  channel  fluorescent  intensity  with  that  of  B 104-1-1  cells, 
as  the  level  of  pl85”®“  in  B104-1-1  cells  was  previously  determined  by 
^^®I-labeled  anti-neu  mAb  binding  assay  (22).  EGFR  numbers  in  NE91 
cells  and  mutant  pl85”®“  co- transfected  cells  were  determined  by  Scat- 
chard  assays  as  described  (37).  These  transfected  clones  were  main¬ 
tained  in  Dulbecco’s  modified  Eagle’s  medium  (DMEM)  containing  5% 
fetal  bovine  serum  (FBS,  HyClone)  at  37  °C  in  a  5%  CO2  atmosphere. 

Cross-linking,  Immunoprecipitation,  and  Immunoblotting  Proce¬ 
dures — Subconfluent  cells  in  10-cm  dishes  were  washed  and  starved  in 
cysteine-free  DMEM  for  1  h,  and  grown  in  low  cysteine-containing  5% 
FBS-DMEM  containing  55  /mCi/ml  [^^Sl cysteine  (Amersham  Pharmacia 
Biotech)  for  16  h  for  metabolic  labeling.  Alternatively,  the  unlabeled 
cells  were  cultured  overnight  in  10-cm  Petri  dishes.  After  treatment 
with  or  without  EGF,  cells  were  washed  twice  with  cold  phosphate- 
buffered  saline  (PBS)  and  treated  with  PBS  containing  2  mM  mem¬ 
brane-impermeable  cross-linker  bis(sulfosuccinimidyl)  suberate  (BS^, 
Pierce),  for  30  min.  After  quenching  the  cross-linking  reaction  with  a 
buffer  containing  10  mM  Tris-HCl  (pH  7.6),  0.9%  NaCl,  and  0.1  M 
glycine,  cells  were  washed  twice  with  cold  PBS  and  solubilized  with 
PI/RIPA  buffer  as  described  (24).  The  immunocomplexes  were  washed 
and  solubilized,  then  separated  by  gradient  SDS-PAGE  gels  (4-7.5%). 
Proteins  from  metabolically  labeled  cells  were  analyzed  by  autoradiog¬ 
raphy.  Proteins  from  unlabeled  cells  were  transferred  onto  nitrocellu¬ 
lose  and  then  immunoblotted  with  anti-phosphotyrosine  mAb  PY20, 
anti-EGFR  CT,  or  anti-pl85  antiserum  as  indicated  in  the  figures.  The 
protein  signals  were  identified  by  the  binding  of  ^^^I-labeled  protein  A 
(NEN  Life  Science  Products),  or  by  enhanced  chemiluminase  (ECL) 
using  ECL  kit  from  Amersham  Pharmacia  Biotech. 

Receptor  Down-regulation  Studies — Cells  (1  X  10®)  were  plated  in  a 
six-well  dish  with  DMEM  containing  5%  FBS  overnight.  Cells  were 
then  treated  with  EGF  (50  ng/ml)  for  0-4  h  and  were  harvested  and 
washed  with  cold  PBS  containing  0.5%  bovine  serum  albumin  and  0.1% 
sodium  azide.  Cell  preparations  were  then  incubated  with  a  saturating 
amount  (0.5  /xg/reaction)  of  anti-neu  mAb  7.16.4  or  anti-EGFR  mAb 
225,  or  an  irrelevant  mAB  (such  as  9BG5  against  the  hemagglutinin  of 
reovirus  receptor),  at  4  ®C  for  30  min,  restained  with  fluorescein  iso¬ 
thiocyanate-conjugated  anti-mouse  IgG  (Sigma)  for  another  30  min 
after  extensive  washing.  Cells  were  then  fixed  with  2%  paraformalde¬ 
hyde  and  analyzed  by  flow  c34ometry  (FACScan,  Becton  Dickinson),  as 
described  previously  (37).  Briefly,  after  subtracting  the  nonspecific 
background  staining  with  9BG5,  the  mean  channel  values  from  each 
time  point  were  used  to  determine  the  percentage  of  surface  expression 
of  E(JFR  or  pl85”®“  proteins  at  the  various  time  points  after  EGF 
treatment. 

In  Vitro  and  in  Vivo  Transformation  Assays — Anchorage-independ¬ 
ent  growth  ability  was  determined  by  assessing  the  colony  forming 
efficiency  of  cells  suspended  in  soft  agar  (15,  37).  Cells  (1000/dish)  were 
suspended  in  7%  FBS-DMEM  containing  0.18%  agarose,  and  plated  on 
0.25%  basal  agar  in  each  dish.  Cells  were  fed  with  DMEM  supple¬ 
mented  with  7%  FBS-DMEM,  20  mM  HEPES  (pH  7.5).  Colonies  (>0.3 
mm)  were  visualized  at  day  21  for  all  cell  lines  after  stained  with 
p-iodonitrotetrazolium  violet  (1  mg/ml).  Each  cell  line  was  examined  in 
triplicate  samples  for  separate  experiments. 

To  analyze  the  tumor  growth  in  ath5Tnic  mice,  cells  (1  X  10®)  of  each 
line  were  suspended  in  0.1  ml  of  PBS  and  injected  intraderaially  in  the 
mid-dorsum  of  NCR  nude  mice.  PBS  alone  was  also  injected  as  a 
control.  Animals  used  in  this  study  were  maintained  in  accordance  with 
the  guidelines  of  the  Committee  on  Animals  of  the  University  of  Penn¬ 
sylvania  and  those  prepared  by  the  Committee  on  Care  and  Use  of 
Laboratory  Animals  of  the  Institute  of  Laboratory  Animal  Resource. 
Tumor  growth  was  monitored  twice  a  week  up  to  10  weeks.  Tumor  size 
was  calculated  by  this  formula:  3.14/6  X  (length  X  width  X  thickness) 
as  described  (27). 

EGF-dependent  Cell  Proliferation  Assay — The  3,(4,5-dimethylthia- 
zol-2-yl)2,5-diphenyl  tetrazolium  bromide)  (MTT)  assay  for  measuring 
cell  growth  has  been  described  previously  (38).  Briefly,  cells  (3000/well) 
of  each  cell  line  were  seeded  in  96-well  plates  overnight  in  DMEM 
containing  5%  FBS.  Cells  were  starved  in  serum-free  ITS-DMEM  for 
48  h,  then  cultured  in  100  /lxI  of  the  same  medium  plus  various  concen¬ 
trations  of  EGF  for  another  48  h.  25  pi  of  MTT  solution  (5  pg/ml  in  PBS) 
were  added  to  each  well,  and  after  2  h  of  incubation  at  37  ®C,  100  pi  of 
the  extraction  buffer  (20%  w/v  SDS,  50%  Ar,A/-dimethyl  formamide,  pH 
4.7)  was  added.  After  an  overnight  incubation  at  37  ®C,  the  optical 
density  at  600  nm  was  measured  using  an  enzyme-linked  immunosor¬ 
bent  assay  reader.  Each  value  represents  a  mean  of  four  samples. 
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MAP  Kinase  and  PI  3 -Kinase  Immune  Complex  Kinase  Assays — 
C0S7  cells  were  transiently  transfected  with  pcDNA3-HA-ERK2  (a  gift 
from  Silvio  Gutkind,  National  Institutes  of  Health,  Bethesda,  MD)  and 
pSRaEGFR/hyg^,  along  with  either  empty  vector  or  plasmids  express¬ 
ing  wild-type  or  mutant  plSS*"  ”®"  using  LipofectAMINE  (Life  Technol¬ 
ogies,  Inc.)  according  to  the  manufacturer’s  instructions  and  assayed 
48  h  after  transfection.  Cells  deprived  of  serum  for  16-20  h  were 
treated  with  or  without  EGF  (50  ng/ml)  for  5  min.  For  MAP  kinase 
assay,  cells  were  lysed  with  RIPA  buffer  (25  mM  Tris-HCl  (pH  7.5),  0.3 
M  NaCl,  1.5  mM  MgClg,  1  mM  MgClg,  0.2  mM  EDTA,  0.5  mM  dithiothre- 
itol,  1%  Triton  X-100,  0.5%  sodium  deoxycholate,  0.1%  SDS,  20  mM 
/3-glycerophosphate,  1  mM  sodium  orthovanadate,  10  p-g/ml  aprotinin,  1 
mM  phenylmethylsulfonyl  fluoride,  10  p.g/ml  leupeptin).  Protein  concen¬ 
trations  were  determined  by  the  BCA  kit  (Pierce).  Equal  amounts  of 
protein  (100  /Ag)  from  cell  extracts  were  immunoprecipitated  with  an- 
ti-HA  (BabCo).  After  washing  extensively,  the  immunocomplexes  were 
then  incubated  with  50  fxl  of  reaction  buffer  (30  mM  HEPES  (pH  7.4),  10 
mM  MaCl2,  1  mM  dithiothreitol,  5  pM  ATP)  containing  1  pCi  of 
[y_32p]ATP  (NEN  Life  Science  Products)  and  2  pg  of  myelin  basic 
protein  (Upstate  Biotechnology  Inc.).  After  incubation  for  20  min  at 
30  ®C,  kinase  reactions  were  terminated  by  the  addition  of  2X  Laemmli 
sample  buffer.  The  samples  were  then  resolved  by  SDS-PAGE,  and  the 
phosphorylated  myelin  basic  protein  was  visualized  by  autoradiography. 

PI  3-kinase  immune  complex  assays  were  carried  out  as  described 
(45)  with  slight  modifications.  Cells  were  lysed  in  Nonidet  P-40  lysis 
buffer  (20  mM  Tris-HCl  (pH  7.4),  137  mM  NaCl,  1  mM  MgCl2,  1  mM 
CaCl2,  10%  glycerol,  1%  Nonidet  P-40,  1  mM  sodium  orthovanadate,  10 
pg/m\  aprotinin,  1  mM  phenylmethylsulfonyl  fluoride,  1  pg/ml  leupep¬ 
tin).  Equal  amounts  of  protein  (600  pg)  from  cell  extracts  were  immu¬ 
noprecipitated  with  anti-phosphot3Tosine  4G10  (Upstate  Biotechnology 
Inc.)  for  3  h.  Protein  A-Sepharose  was  then  added  and  rotated  at  4  ®C 
for  overnight.  Immunocomplexes  were  washed  twice  with  lysis  buffer; 
twice  with  100  mM  Tris  (pH  7.4),  0.5  M  LiCl,  0.2  mM  sodium  orthovana¬ 
date,  plus  0.2  mM  adenosine;  and  twice  with  reaction  buffer  (10  mM 
HEPES  (pH  7.5),  5  mM  EDTA,  150  mM  NaCl).  The  beads  were  resus¬ 
pended  in  40  p\  of  reaction  buffer  containing  substrate  mixture  (phos- 
phatidylinositol,  phosphatidylinositol  4-phosphate,  and  phosphatidyl- 
serine  dispersed  by  sonication  in  10  mM  HEPES  (pH  7.5),  1  mM  EGTA). 
The  tubes  were  incubated  at  room  temperature  for  10  min  and  reaction 
were  initiated  by  adding  5  pCi  of  [y-^^PJATP  (NEN  Life  Science  Prod¬ 
ucts)  per  reaction  in  5  p\  of  500  mM  ATP  and  terminated  by  addition  of 
80  p\  of  CHClgrCHgOH  (1:1)  after  another  10  min.  Phospholipids  were 
extracted,  desiccated,  and  redissolved  as  described  (45).  The  samples 
were  the  chromatographed  on  thin  layer  chromatography  plates  (pre¬ 
coated  with  potassium  oxalate  and  baked  at  100  °C  for  1  h  before  use) 
in  CHCl3:CHOH:2.5  m  NH40H:H20  (45:35:2.7:7.3).  Spots  correspond¬ 
ing  to  phosphatidylinositol  3-phosphate  and  phosphatidylinositol  3,4- 
bisphosphate  were  visualized  after  autoradiography.  Unlabeled  phos¬ 
pholipid  standards  were  included  and  were  visualized  by  exposure  to 
iodine  vapor. 

RESULTS 

Expression  of  EGFR  and/or  Mutant  pl85^^^  Proteins — Cell 
lines  expressing  EGFR  and  various  pl85"®“  deletion  mutant 
proteins  derived  from  full-length  transforming  pi 85”®“  v^ere  all 
generated  in  the  NRG  cell  background  (43).  In  addition,  stable 
transfectants  derived  from  NRG  fibroblasts  expressing  human 
EGFR  (termed  NE91  cells)  were  also  generated.  NE91  cells,  as 
well  as  NRG  parental  cells,  were  then  transfected  with  various 
pl85”®“  cDNA  constructs  to  express  one  of  the  following  mu¬ 
tant  pl85”®“  proteins  with  or  without  EGFR,  respectively  (Fig. 
1):  (a)  Er/pl85”®“  or  pl85”®“  (full-length  oncogenic  pl85”®“ 
product),  (6)  Er/TG91stop  or  TG91stop  (lacking  591  aa  from  the 
carboxyl  terminus),  (c)  Er/TAPstop  or  TAPstop  (a  122-aa  trun¬ 
cation  at  carboxyl  terminus),  and  (d)  Er/TA5  or  TA5  (an  ectodo- 
main  deleted  pl85”®“  product,  also  termed  TA5).  A  schematic 
representation  of  the  oncogenic  pl85”®“  protein  and  its  mutant 
derivative  species  is  shown  in  Fig.  1. 

B104-1-1  murine  fibroblasts  transformed  by  the  expression 
of  oncogenic  pl85”®“  were  used  as  a  positive  control,  since 
surface  expression  of  pl85”®“’  biochemical  features  of  pl85”®“ 
homodimerization  and  pl85”®“  transforming  potency  have 
been  characterized  previously  (13,  22,  27).  As  shown  in  Table  I, 
relative  expression  levels  of  various  pl85”®“  mutant  proteins  in 
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Fig.  1.  Schematic  representation  of  EGFR  and  mutant  pl85"^“ 
proteins.  Locations  of  cysteine-rich  subdomains  (CRD),  transmem¬ 
brane  region  (TM)  containing  the  point  mutation  V664E  (*),  tyrosine 
kinase  domain  (TK),  and  carboxyl-terminal  region  (CT)  are  indicated. 
Tneu  is  the  full-length  transforming  rat  pl85”®“.  T691stop  contains  a 
stop  codon  substituting  for  Thr-691  at  the  amino  terminus  to  the  TK 
domain.  TAPstop  contains  a  120-aa  truncation  within  the  carboxyl 
terminus  of  pl85"^“.  TA5  is  generated  by  the  deletion  of  ectodomain  of 
pl85”®“  but  retains  —10  aa  and  the  signal  sequence.  These  mutant 
pl85”®“  proteins  were  either  expressed  alone  or  co-expressed  with 
EGFR  in  NRG  transfected  cells, 

selected  clones  were  estimated  by  a  comparison  with  B 104-1-1 
cells,  while  the  expression  of  EGFR  in  these  cells  was  esti¬ 
mated  by  Scatchard  analysis.  In  order  to  observe  an  enhance¬ 
ment  of  EGFR-mediated  cellular  signaling  and  transformation, 
clone  Er/pl85”®“  expressing  a  moderately  low  level  of  both 
receptors  (~10^/cell)  was  chosen.  In  other  subclones,  the  ex¬ 
pression  of  EGFR  and/or  mutant  pl85”®“  proteins  was  approx¬ 
imately  —10®  receptors/cell. 

The  Ectodomain  of  pi  85”^"^  Is  Required  for  Heterodimeriza¬ 
tion  with  EGFR — Stable  cell  lines  expressing  EGFR  and/or 
mutant  pl85”®“  proteins  were  used  to  assess  dimer  formation 
using  the  chemical  cross-linker  BS®.  As  shown  in  Fig.  2,  B104- 
1-1  cells  expressing  oncogenic  pl85”®“  contained  pl85”®“  ho¬ 
modimers  (—370  kDa)  independent  of  ligand  stimulation  (Fig. 
2A,  lane  7),  due  to  the  activating  transmembrane  mutation 
(12).  A  cell  line  expressing  the  ectodomain-derived  T691stop 
neu  alone  was  used  as  a  control  to  demonstrate  the  sizes  of  the 
monomer  and  dimer  of  this  truncated  pl85”®“  protein,  which 
migrated  at  approximately  115  kDa  (Fig.  2A,  lanes  2  and  3), 
and  at  —230  kDa  in  the  presence  of  a  chemical  cross-linker 
(Fig.  2A,  lane  3), 

In  the  presence  of  EGF,  the  170-kDa  monomeric  form  and 
the  340-kDa  homodimer  of  EGFR  were  both  detected  in  NE91 
cells  expressing  EGFR  alone,  and  in  Er/T691stop  cells  (Fig.  2A, 
lanes  4  and  5,  respectively).  An  additional  intermediate  band  of 
—285  kDa  representing  the  heterodimer  of  EGFR  and 
T691stop  was  clearly  detectable  upon  anti-EGFR  immunopre- 
cipitation  (Fig.  2A,  lane  5).  The  285-kDa  intermediate  complex 
was  similar  to  the  heterodimer  composed  of  EGFR  and  trun¬ 
cated  N691stop  derived  from  proto-oncogenic  pl85®'”®“  as  de¬ 
scribed  previously  (44),  except  that  the  heterodimeric 
EGFR'N691stop  complex  was  even  more  predominant  than  the 
EGFR  homodimer  in  those  studies.  Notably,  T691stop  is  still 
able  to  complex  with  EGFR  {lane  5)  even  under  conditions 
favorable  for  T691stop  homodimerization  {lane  3),  Densitomet- 
ric  analysis  suggested  that  at  least  50%  of  the  EGFR  associated 
with  T691stop  neu  in  a  heterodimeric  complex  in  Er/T691stop 
cells  (Fig.  2A,  lane  5),  further  suggesting  the  strong  preference 
for  EGFR-pl85”®“  heterodimerization. 

We  have  previously  studied  complex  formation  between  the 
pl85”®“  and  EGFR  holoreceptors  (22,  24,  37)  and  heterodimer- 
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Table  I 

Transformation  parameters  and  relative  receptor  expression  levels  of  cell  lines 
The  number  of  EGFR  on  NE91  and  other  transfected  cells  was  determined  by  Scatchard  assays.  Cell  surface  expression  of  neu  proteins  were 
estimated  by  comparing  the  mean  channel  fluorescent  intensity  with  that  from  B 104 -1-1  cells  using  flow  cytometry  analysis.  pl85"®“  on  B 104 -1-1 
cells  was  originally  determined  by  an  ^^^I-labeled  anti-neu  mAb  binding  assay  (22).  For  the  tumor  growth  assay,  individual  clones  (1  x  10® 
cells/site)  were  injected  intradermally  into  ath5rtnic  mice.  NT,  no  tumor  after  10  weeks;  ND,  not  determined. 
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Fig.  2.  Homodimerization  and  heterodimerization  of  EGFR  and  pl85”®“  proteins.  A,  cells  were  labeled  with  [®®S]  cysteine  overnight.  Cell 
lines  expressing  EGFR  {lanes  4  and  5)  were  then  stimulated  with  EGF  (200  ng/ml)  at  37  ®C  for  10  min.  All  cells  (except  lane  2)  were  treated  with 
the  chemical  cross-linker  BS®  (2  mM).  Cell  lysates  were  then  immunoprecipitated  with  anti-neu  mAh  7.16.4  or  anti-EGFR  antiserum  CT  as 
indicated.  Proteins  were  separated  by  4-8%  gradient  SDS-PAGE  and  analyzed  by  autoradiography.  The  estimated  molecular  weight  of  monomers 
and  dimers  is  indicated.  B  and  C,  cell  lines  expressing  EGFR  (NE91,  Er/TA5,  and  ErATAPstop)  were  stimulated  with  EGF.  After  BS®  treatment, 
all  the  cells  were  lysed  and  subjected  to  immunoprecipitation  with  either  anti-neu  (7.16.4  or  NCT)  or  anti-EGFR  (CT)  antibodies,  then 
immunoblotted  with  either  the  anti-neu  (NCT  or  a-Bacneu)  or  anti-EGFR  probe  (CT)  as  indicated. 


ization  between  ectodomain  pl85^®*^  and  either  full-length  (37, 
44)  EGFR  or  a  form  of  EGFR  that  lacks  the  majority  of  subdo¬ 
mains  1  and  2  (15)  by  immunoprecipitation  and  immunoblot- 
ting  using  anti-receptor  specific  antibodies  following  EGF  and 
chemical  cross-linker  treatment. 

In  this  next  set  of  studies,  we  extended  these  observations  to 
novel  species  of  pl85”®“.  Er/Nneu  cells  expressing  higher  levels 
of  EGFR  and  normal  pl85‘^"”®“  served  as  a  positive  control  to 
examine  the  physical  association  of  EGFR  with  truncated  mu¬ 
tant  pl85"^“  receptor  forms  (Fig.  2C,  lane  1),  The  heterodimer 
between  full-length  pl85”^“  with  EGFR  in  Er/neu  cells  could 
not  be  detected  due  to  low  expression  levels  of  each  receptor 
(data  not  shown).  Abundant  levels  of  the  EGFR  monomer  and 
dimer  were  detected  in  Er/TAPstop  cells  by  anti-EGFR  immu¬ 
noprecipitation  and  immunoblotting  (Fig.  2C,  lane  3),  Analysis 
of  anti-pl85'^“  immunoprecipitates  by  immunoblotting  with 
anti-EGFR  antisera  indicated  EGF-induced  heterodimeriza¬ 
tion  of  EGFR  and  TAPstop  in  Er/TAPstop  cells  (Fig.  2C,  lane  2). 
As  expected,  the  size  of  this  complex  was  slightly  smaller  when 
compared  with  the  heterodimer  of  EGFR  and  full-length  nor¬ 
mal  pl85^®“  in  Er/Nneu  cells  (Fig.  2C,  lane  1).  The  control  cell 
line  expressing  TAPstop  alone  showed  that  TAPstop  was  only 
recognized  by  an  anti-neu  antibody  (Fig.  2C,  lane  5),  but  not  by 


anti-EGFR  antibody  CT  (Fig.  2C,  lane  4). 

Heterodimerization  between  EGFR  and  the  ectodomain-de- 
leted  TA5  pl85'^®“  mutant  was  also  analyzed.  TA5  can  be  rec¬ 
ognized  by  either  the  a-Bacneu  or  anti-NCT  polyclonal  antisera 
reactive  with  the  intracellular  domain  or  carboxyl  terminus  of 
the  pl85'*®'^  protein,  respectively.  Immunoblotting  showed  that 
the  size  of  the  TA5  neu  mutant  was  approximately  95-97  kDa, 
and  the  detectable  dimeric  form  was  about  ~200  kDa  (Fig.  2B, 
lane  1).  Er/TA5  cells  express  a  high  level  of  EGFR  and  TA5,  as 
homodimers  of  either  form  were  clearly  detected  in  the  pres¬ 
ence  of  cross-linker  (Fig.  2R,  lanes  2  and  3),  when  compared 
with  control  cell  lines  NE91  and  TA5  (Fig.  2B,  lanes  1  and  4). 
However,  unlike  Er/T691stop  and  Er/TAPstop  cells,  the  het¬ 
erodimer  between  EGFR  and  TA5  in  Er/TA5  cells  was  unde¬ 
tectable  following  EGF  and  BS^  treatment  since  the  predicted 
intermediate  size  (~270  kDa)  complex  representing  EGFR  and 
TA5  heterodimer  was  not  observed  (Fig.  2B,  lanes  2  and  3).  In 
an  attempt  to  identify  the  association  of  EGFR  with  this 
ectodomain-deleted  TA5  protein,  several  alternative  assays 
were  performed,  such  as  using  the  membrane-permeable  chem¬ 
ical  cross-linker  DSP  (Pierce),  or  a  mild  detergent  digitonin 
lysis  buffer.  These  methods  were  sensitive  enough  to  detect  the 
complex  formation  between  full-length  pl85”®“  and  TA5  (27). 
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Fig.  3.  Tyrosine  phosphorylation  of 
EGFR  and  mutant  pl85"®“  proteins  in 
living  cells.  Cells  in  panels  A,  C,  and  E 
were  treated  with  or  without  EOF  as  in¬ 
dicated.  Cells  in  panel  E  were  also  treated 
with  the  chemical  cross-linker  BS^  (2 
mM).  Cell  lysates  were  then  immunopre- 
cipitated  with  anti-neu  antibodies,  7.16.4, 
a-Bacneu,  or  anti-EGFR  CT  as  indicated. 
Proteins  were  separated  by  6%  (A  and  C) 
or  4-8%  {E)  gradient  SDS-PAGE  followed 
by  immunoblotting  with  anti-phosphoty- 
rosine  mAb  PY-20.  After  stripping  the 
PY20  signals  presented  in  top  panels, 
these  nitrocellulose  membranes  were  rep¬ 
robed  with  anti-neu  NCT  {B,  lanes  1-5, 
and  D),  a-Bacneu  (B,  lanes  6-8)  or 
a-EGFR  CT  (F)  to  compare  protein 
amounts  used  in  each  sample. 
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However,  the  association  of  EGFR  and  TA5  was  still  undetect¬ 
able  (data  not  shown).  Taken  together,  these  results  strongly 
suggest  that  the  ectodomain  of  the  pl85^®“  receptor  is  neces¬ 
sary  and  sufficient  for  heterodimerization  with  holoreceptor 
EGFR. 

Tyrosine  Kinase  Activity  in  Living  Cells — It  has  been  well 
documented  that  EGF,  in  an  EGFR-dependent  manner,  stim¬ 
ulated  phosphorylation  of  the  and  c-ErbB-2  gene 

products  with  a  concomitant  increase  in  their  t3n‘osine  kinase 
activities  (46—49).  Heterodimerization  of  pl85  and  EGFR  fa¬ 
cilitates  cross-phosphorylation  (24,  25),  since  a  full-length,  ki¬ 
nase-deficient  pl85^®“  mutant  (K757M)  is  trans-phosphoryl- 
ated  upon  physical  association  with  EGFR  (37).  We  next 
examined  the  t3n'osine  phosphorylation  level  of  pl85"®“  deriv¬ 
atives  in  living  cells  in  response  to  EGF  treatment.  After  the 
addition  of  EGF,  oncogenic  pl85”®“  and  its  derivatives  were 
immunoprecipitated  by  anti-neu  antibodies,  and  receptor  phos- 
photyrosine  content  in  vivo  was  detected  by  immunoblotting 
with  an  anti-phosphotyrosine  antibody  (PY20)  (Fig.  3).  Full- 
length  pl85”^“  from  control  B 104-1-1  fibroblasts  displayed  con¬ 
stitutive  kinase  activity  (Fig.  3A,  lane  1).  Upon  EGF  stimula¬ 
tion,  there  was  indeed  an  additional  increase  in  tyrosine  kinase 
activity  of  pl85'^®“  in  Er/neu  cells  expressing  lower  amounts  of 
the  pl85"®“  protein  (Fig.  3A,  lanes  4  and  5),  but  not  in  cells 
expressing  pl85'^®'^  alone  {lanes  2  and  3).  A  weak  tyrosine 
phosphorylation  signal  was  detected  in  TAPstop  cells  (Fig.  3A, 
lane  6).  EGF  stimulation  did  not  appreciably  increase  the  ty¬ 
rosine  phosphorylation  of  TAPstop  in  EGFR-co-expressing  cells 
(Fig.  3A,  lanes  7  and  8),  although  the  association  of  EGFR  and 
TAPstop  was  evident  (Fig.  2C).  Truncation  of  the  pl85"®“  car¬ 
boxyl  terminus,  and  deletion  of  at  least  three  known  critical 
tyrosine  residues,  was  associated  with  the  failure  to  trans- 
phosphorylate  the  pl85”^“  mutant  protein.  Elimination  of  the 
ectodomain  did  not  impair  the  intrinsic  kinase  activity  of 
pl85neM-derived  TA5,  since  the  TA5  mutant  receptor  was  still  a 
competent  tyrosine  kinase  (Fig.  3C,  lane  1).  However,  unlike 
the  full-length  pl85'^^“,  no  further  increase  in  tyrosine  phos¬ 


phorylation  of  TA5  was  detected  in  Er/TA5  cells  with  EGF 
stimulation  (Fig.  3C,  lane  2  and  3).  In  Er/TA5  cells,  the  EGFR 
was  also  immunoprecipitated  by  the  anti-Bacneu  antisera  and 
still  autophosphorylated  after  EGF  treatment  (Fig.  3C,  lane  3). 
These  results  correlated  with  failure  to  detect  physical  inter¬ 
actions  between  EGFR  and  TA5  proteins  (Fig.  2).  Reprobing 
with  anti-neu  antibodies  (Fig,  3,  A  and  C)  confirmed  equivalent 
protein  loading  in  paired  samples  with  or  without  EGF  treat¬ 
ment  (Fig.  3,  B  and  D).  These  experiments  indicated  that  the 
full-length  pl85”®“  receptor,  but  not  mutant  pl85”^“  proteins 
with  NH2-terminal  or  distal  COOH-terminal  truncations,  was 
able  to  interact  with  activated  EGFR  functionally,  resulting  in 
trans-phosphorylation. 

We  next  analyzed  tyrosine  kinase  activation  in  EGFR-posi- 
tive  NE91  cells  with  or  without  T691stop  neu  co-expression. 
Treatment  with  EGF  and  a  chemical  cross-linking  reagent 
resulted  in  heavy  tyrosine  phosphorylation  of  EGFR  monomers 
and  homodimers  in  NE91  cells  (Fig.  3^,  lane  1).  No  detectable 
tyrosine  phosphorylation  of  C57toplasmic  domain-deleted 
T691stop  neu  was  seen  in  cells  with  or  without  EGFR  co¬ 
expression  (Fig.  3E,  lanes  2  and  3,  respectively).  In  addition, 
the  tyrosine  phosphorylation  signal  of  an  intermediate  band 
('--285  kDa)  representing  EGFR-T691stop  heterodimeric  com¬ 
plex  was  also  undetectable  (Fig.  SE,  lane  2),  although  a  signif¬ 
icant  portion  of  EGFR  forms  a  heterodimer  with  T691stop 
under  these  conditions  (Fig.  2A,  lane  5).  Tyrosine  kinase  acti¬ 
vation  of  full-length  EGFR  was  thus  completely  inhibited  when 
EGFR  was  physically  associated  with  the  T691stop  neu  mutant 
protein,  which  correlates  with  reduction  of  the  transformed 
phenotype  of  primary  EGFR-positive  glioma  cells  expressing 
T691stop  neu  (42).  Moreover,  these  results  are  consistent  with 
the  observation  from  cells  co-expressing  EGFR  with  N691stop 
neu  derived  from  normal  pl85"^“  (37), 

Re-probing  the  membrane  with  an  anti-EGFR  antibody  (CT) 
showed  total  EGFR  levels  in  NE91  cells  (Fig,  3F,  lane  1),  and 
confirmed  the  presence  of  the  EGFR-T691stop  heterodimer 
(—285  kDa),  since  this  complex  was  recognized  by  anti-neu  in 
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Fig.  4.  EGF-mediated  receptor 
down-regulation.  Cells  were  plated  in 
six-well  dishes  overnight  and  treated 
with  EGF  (50  ng/ml)  for  0-4  h  at  37  °C. 
Cells  were  then  washed  with  fluores¬ 
cence-activated  cell  sorting  buffer  and 
stained  with  anti-neu  mAh  7.16.4  or  anti- 
EGFR  mAh  425  as  indicated.  After  sub¬ 
tracting  the  background  staining  with  ir¬ 
relevant  mAb  9BG5,  the  percentage  of  cell 
surface  receptor  expression  reflected  by 
the  mean  fluorescent  intensity  from  each 
treated  sample  verses  that  from  a  non- 
treated  ssimple  was  plotted  against  EGF 
treatment  time.  A,  NE91  and  Er/TA5;  B, 
Er/T691stop;  C,  Er/neu;  D,  TAPstop  and 
Er/TAPstop. 


immunoprecipitation  and  anti-EGFR  in  immunoblotting  (Fig. 
3F,  lane  2),  Lysates  obtained  from  T691stop  neu-expressing 
cells  did  not  react  with  the  anti-EGFR  CT  probe  (Fig.  3F,  lane 
3).  Although  the  cytoplasmic  domain  deletion  in  T691stop  did 
not  impair  heterodimerization  with  EGFR,  the  undetectable 
phosphotyrosine  content  of  the  intermediate  heterodimer  sug¬ 
gested  that  EGFR  kinase  activity  was  reduced  when  associated 
with  T691stop  neu.  These  experiments  further  support  our 
model  that  the  heteroreceptor  assembly  mediated  primarily  by 
ectodomain  interactions  facilitates  kinase  trans-activation  and 
trans-phosphorylation  caused  by  interactions  between  cyto¬ 
plasmic  domains  (15,  27,  37). 

EGF-induced  Receptor  Down-regulation  from  the  Cell  Sur¬ 
face — ^Numerous  studies  indicate  that  ligand-mediated  recep¬ 
tor  endoc3d;osis  and  degradation  is  a  kinase-dependent  process 
for  many  types  of  growth  factor  receptors  (50).  We  found  that 
the  efficiency  of  receptor  down-regulation  and  degradation  in 
cells  co-expressing  EGFR  and  pl85'^^“  correlated  well  with 
heterodimeric  kinase  activities  (37).  We  used  this  method  as  an 
alternative  assay  to  examine  the  kinase  activity  of  various 
heterodimers. 

Cells  were  incubated  with  EGF  (50  ng/ml)  for  various  times 
prior  to  cell  surface  staining  with  anti-neu  mAb  7.16.4  or  anti- 
EGFR  mAb  225  followed  by  the  staining  with  fluorescein  iso¬ 
thiocyanate-conjugated  anti-mouse-IgG.  Cell  surface  expres¬ 
sion  of  each  receptor  was  analyzed  using  flow  C5d;ometric 
analysis.  EGF  treatment  of  NE91  cells  (expressing  EGFR  only) 
resulted  in  a  reduction  of  cell  surface  EGFR,  and  over  60%  of 
EGF  receptors  disappeared  from  the  cell  surface  after  4  h  of 
treatment  (Fig.  4A).  Normal  EGFR  down-regulation  was  not 
affected  by  the  co-expression  of  TA5,  as  the  efficiency  of  EGFR 
down-regulation  in  Er/TA5  cells  was  very  similar  to  that  seen 
in  NE91  cells  (Fig.  4A).  A  similar  EGFR  down-regulation  curve 
was  observed  in  Er/neu  and  Er/TAPstop  cells  (Fig.  4,  C  and  D, 
respectively),  indicating  that  the  EGFR  behaves  as  an  active 
receptor  kinase  in  these  cells.  Moreover,  about  —20%  of  pl85"®“ 
or  25%  TAPstop  was  co-down-regulated  with  EGFR  upon  EGF 


stimulation  (Fig.  4,  C  and  D).  As  illustrated  above,  the  low 
expression  of  pl85”^“  and  EGFR  in  Er/neu  cells  was  insuffi¬ 
cient  to  demonstrate  the  physical  association  of  the  two  recep¬ 
tors  biochemically.  The  current  assay  was  more  sensitive  in 
determining  EGF-mediated  receptor  interactions.  Control  cells 
expressing  TAPstop  alone  did  not  respond  to  EGF  treatment, 
and  the  surface  expression  of  TAPstop  remained  unchanged 
within  the  period  of  EGF  treatment  (Fig.  4D). 

Analysis  using  an  EGF-mediated  pulse-chase  assay  showed 
that  the  down-regulated  EGFR  and  co-down-regulated  TAP¬ 
stop  proteins  efficiently  went  into  the  degradation  pathway 
(data  not  shown),  similar  to  the  cells  overexpressing  EGFR  and 
pl85”®“  (37)  suggested  that  EGFR  and  either  pl85”^“ 

or  TAPstop  associated  into  an  active  kinase  complex  and  that 
these  receptor  assemblies  exhibited  comparable  kinetics  of  re¬ 
ceptor  endoc3d:osis. 

However,  co-expression  of  T691stop  with  EGFR  resulted  in 
diminished  EGF-induced  down-regulation  of  EGFR.  The  max¬ 
imal  reduction  of  surface  EGF  receptor  was  —35%  afber  4  h.  In 
addition,  no  detectable  co-down-regulation  of  the  cytoplasmic 
domain  deleted  T691stop  was  observed  in  Er/T691stop  cells 
(Fig.  4B),  correlating  with  the  observation  of  the  inactive  het¬ 
erodimer  of  EGFR*T691stop  (Fig.  3,  E  and  F).  This  finding 
supports  the  idea  that  receptor  down-regulation  is  coupled  to 
receptor  tyrosine  kinase  activity.  The  formation  of  the  inactive 
heterodimer  between  EGFR  and  T691stop  neu  proteins  influ¬ 
enced  the  overall  kinetics  of  EGFR  down-regulation.  Impair¬ 
ment  of  ligand-induced  down-regulation  of  holo-EGFR  by 
T691stop  neu  has  also  been  observed  in  primary  human  cancer 
cells. ^ 

Transforming  Potency  of  Cells  Expressing  Mutant  pl85^^^ 
Proteins  with  or  without  EGFR — We  and  others  have  showed 
that  the  transforming  potency  of  pl85'^®“  requires  not  only  its 
intrinsic  tyrosine  kinase  activity  (13),  but  also  the  crucial  role 


^  D.  M.  O’Rourke  and  M.  I.  Greene,  unpublished  observations. 
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Fig.  5.  EGF-induced  cell  prolifera¬ 
tion.  Cells  were  plated  in  96-well  plates 
(3000/well)  overnight  in  DMEM  contain¬ 
ing  5%  FBS.  After  starvation  in  serum- 
free  media  for  48  h,  cells  were  grown  in 
the  same  media  supplemented  with  vari¬ 
ous  concentrations  of  EOF  as  indicated 
for  an  additional  48-h  period.  Cell  prolif¬ 
eration  was  determined  by  the  MTT  assay 
as  described  under  “Experimental  Proce¬ 
dures.”  The  resultant  ODgoo  was  plotted 
against  the  relevant  EOF  concentration. 
NE91  cells  was  used  as  a  control  for  the 
cell  lines  presented:  A,  Er/neu;  B,  Er/ 
T691stop;  C,  Er/TAPstop;  D,  Er/TA5. 
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of  tyrosine  phosphorylation  of  its  carboxyl  terminus,  as  the 
oncogenicity  of  pl85”^“  was  greatly  reduced  by  alteration  of 
several  tyrosine  residues  (41)  or  large  structural  deletions, 
such  as  seen  with  TAPstop  (42).  Transforming  ability  of  ectodo- 
main-deleted  TA5  in  this  system  was  less  potent  than  full- 
length  pl85''^“,  possibly  due  to  the  reduced  efficiency  of  form¬ 
ing  active  receptor  complexes  when  compared  with  full-length 
oncogenic  pl85”®“  (27)  (see  Fig.  2). 

We  examined  whether  co-expression  of  EGFR  with  pl85”®“ 
and  its  derivatives  could  enhance  transforming  efficiency  com¬ 
pared  with  cells  expressing  these  mutant  pl85"®“  proteins 
alone.  Cell  lines  listed  in  Table  I  (except  kinase-deficient 
T691stop  and  Er/T691stop  clones)  were  able  to  form  foci  inde¬ 
pendent  of  ligand  stimulation  (data  not  shown).  Co-expression 
of  EGFR  with  pl85'*®“  in  Er/neu  cells  increased  the  ability  to 
form  foci,  both  in  density  and  absolute  number  (by  greater  than 
3-fold).  However,  co-expression  of  EGFR  with  kinase-active 
truncated  mutant  TAPstop  or  TA5  did  not  enhance  focus  for¬ 
mation  efficiency  in  Er/TAPstop  and  Er/TA5  cells  when  com¬ 
pared  with  TAP/stop  and  TA5  cells,  respectively  (data  not 
shown). 

The  colony  growth  efficiency  of  these  clones  in  soft  agar  is 
also  summarized  in  Table  I.  B 104- 1-1  cells  expressing  high 
levels  of  pl85"^“  served  as  a  positive  control,  while  Er/T691stop 
clones  served  as  a  negative  control  and  did  not  exhibit  trans¬ 
formed  colonies  under  the  same  conditions.  Compared  with 
B 104-1-1  cells,  cells  expressing  lower  levels  of  oncogenic 
pl85”^“  formed  colonies  less  efficiently.  However,  more  colonies 
were  observed  in  EGFR-co-expressing  Er/neu  cells.  Co-expres¬ 
sion  of  EGFR  with  pl85"^“  still  permits  functional  het¬ 
erodimerization  in  addition  to  homodimerization  of  either  re¬ 
ceptor,  resulting  in  elevated  biological  activity,  contributing  to 
increased  transforming  activity  in  vitro.  Cells  expressing  ki¬ 
nase-active  truncated  mutant  TAPstop  or  TA5  mutant  proteins 
alone  displayed  reduced  colony  growth  efficiency  in  soft  agar 
when  compared  with  control  B 104-1-1  cells,  although  the  ex¬ 
pression  levels  of  pl85"®“  variants  in  these  cells  were  similar. 
Critically,  co-expression  of  EGFR  with  TA5  or  TAPstop  did  not 


increase  colony  growth  efficiency  in  soft  agar. 

Tumorigenicity  was  studied  by  injection  of  these  mutant 
clones  individually  into  ath3mic  mice.  Results  are  presented  in 
Table  I,  which  summarizes  receptor  expression  levels,  tumor 
frequency,  and  tumor  size.  B 104-1-1  cells  expressing  oncogenic 
pl85ne«  used  as  a  positive  control  and  tumors  caused  by 
those  cells  appeared  and  grew  quickly  (with  a  latency  of  5-7 
days).  No  tumors  were  observed  with  kinase-deficient  mutant 
clones  T691stop  and  Er/T691stop  cells  (>10  weeks  observa¬ 
tion).  Co-expression  of  EGFR  and  pl85"®'",  each  at  low  levels,  in 
Er/neu  cells  greatly  accelerated  tumor  appearance  (~2  weeks), 
and  the  tumors  grew  aggressively  when  compared  with  pl85"®“ 
cells  that  also  expressed  low  level  of  oncogenic  pl85"^“  (>4-5 
weeks).  Cooperative  signaling  between  EGFR  and  pl85”®“  was 
thus  also  observed  in  tumorigenicity  assays  in  vivo.  TA5  pro¬ 
tein  expression  was  sufficient  to  induce  tumors  (latency  period 
of  2-3  weeks),  and  TAPstop  mutant  receptor  expression  also 
resulted  in  tumor  formation  (latency  of  4-5  weeks).  Receptor 
expression  levels  for  these  two  mutant  proteins  was  close  to 
that  in  B104-1-1  cells.  Notably,  co-expression  of  EGFR  with 
these  mutant  proteins,  i.e.  in  Er/TAPstop  and  in  Er/TA5,  did 
not  promote  tumor  growth. 

The  failure  of  distinct  endodomain  interactions  between 
pl85"®“  and  EGFR,  caused  by  an  ectodomain  deletion  (TA5 
mutant),  or  the  lack  of  a  functional  COOH  terminus  (TAPstop 
mutant),  clearly  impairs  signaling  needed  for  transformation. 

EGF-dependent  Cell  Proliferation  of  Cell  Lines  Co-expressing 
EGFR  and  Mutant  pl85^^^ — To  analyze  whether  EGF-depend¬ 
ent  heterodimerization  conveys  signals  leading  to  cooperative 
mitogenesis,  we  used  the  MTT  assay  to  study  proliferation  of 
various  cell  lines.  NE91  cells  expressing  EGFR  only  served  as 
a  positive  control,  and  showed  typical  EGF  induction  of  cell 
growth.  As  expected,  the  maximal  induction  dosage  of  EGF  was 
10  ng/ml,  consistent  with  previous  observations  (44).  However, 
the  maximum  induction  dosage  of  EGF  in  Er/neu  cells  was 
—0.1  ng/ml,  2  orders  of  magnitude  less  than  that  observed  in 
NE91  cells  (Fig.  5A).  These  data  suggested  that  pl85^^“  sensi¬ 
tized  the  EGF  receptor  responding  to  ligand. 


Structural  Requirements  of  Trans-receptor  Activation 


581 


Er/Vector  Er/Nneu  Er/NA5  Er/N691stop 

I - 1  I - 1  I - 1  I - 1 


EGF  -  +  -  +  -+-  + 


1  2  3  4  5  6  7  8 


1  2  3  4  5  6  7  8 

c 


1  2  3  4  5  6  7  8 


1  2  3  4  5  6  7  8 

Fig.  6.  EGF-induced  MAP  kinase  activity.  COST  cells  transiently 
expressing  exogenous  HA-MAPK,  EGFR,  and  wild-type  or  mutant 
pl85‘''”®“  were  treated  with  or  without  EGF  (50  ng/ml)  for  5  min  as 
indicated.  A,  cells  were  then  lysed,  and  anti-HA  immunocomplexes 
were  washed  and  underwent  kinase  reaction  as  described  under  “Ex¬ 
perimental  Procedures The  phosphorylation  level  of  myelin  basic  pro¬ 
tein  were  shown  after  autoradiography.  B-D^  equal  amounts  of  cell 
extracts  were  used  for  examining  ectopically  expressed  proteins.  Anti¬ 
bodies  used  in  immunoblot  ilB)  were  indicated.  Protein  signals  were 
developed  by  ECL.  Lanes  1-8  in  these  panels  are  correspondent  to  those 
in  panel  A.  D  (lanes  7  and  8),  cells  were  metabolically  labeled  with 
[^®S]  methionine  and  cell  extracts  were  immunoprecipitated  (IP)  with 
7.16.4  and  analyzed  in  SDS-PAGE  followed  by  autoradiography.  Simi¬ 
lar  results  were  obtained  in  other  two  independent  experiments. 

In  contrast,  the  presence  of  T691stop  in  Er/T691stop  cells 
suppressed  the  proliferative  response  to  EGF,  and  cell  growth 
was  dramatically  reduced  (Fig.  55).  These  results  correlated 
with  the  inhibition  of  EGFR  kinase  (Figs.  3E  and  45).  Inter¬ 
estingly,  the  EGFR  in  Er/TAPstop  and  Er/TA5  cells  behaved 
normally  in  EGF-dependent  mitogenesis  when  compared  with 
that  in  NE91  cells,  except  that  the  basal  growth  level  was 
higher  (Fig.  5,  C  and  D)  due  a  more  transformed  phenotype 
(data  not  shown).  These  data  correlated  with  previous  obser¬ 
vations  (Figs.  2-4),  suggesting  that  EGFR  signaling  is  compa¬ 
rable  in  Er/TAPstop  and  in  Er/TA5  clones  to  that  seen  in  NE91 
cells,  i.e.  neither  enhanced  nor  suppressed.  However,  trans¬ 
receptor  signaling  was  not  observed  due  to  either  defective 
heterodimerization  in  Er/TAPstop  cells  or  failure  of  het¬ 
erodimerization  in  Er/TA5  cells. 

EGF-dependent  MAP  Kinase  and  PI  3-Kinase  Activation — To 
understand  the  mechanism  underlying  s3niergistic  prolifera¬ 
tive  and  transforming  signal  propagated  by  heteroreceptor  in¬ 
teraction,  we  studied  the  EGF-induced  MAP  kinase  and  PIS 
kinase  pathways  signaling  phenomena.  The  proto-oncogenic 
pl85  (Nneu)  and  its  derivatives  (NAS  or,  N691stop)  were  co¬ 
expressed  with  EGFR,  to  evaluate  EGF-dependent  activation 
of  downstream  kinases,  since  pl85"®“  and  TA5  are  both  consti- 
tutively  active  tyrosine  kinases.  An  epitope-tagged  HA-MAPK 
was  also  co-expressed  with  the  combination  of  receptors  in 
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Fig.  7.  EGF-induced  PI  3-kinase  activity.  COS7  cells  transiently 
expressing  EGFR  and  wild-type  or  mutant  (as  indicated)  were 

treated  with  or  without  EGF  (50  ng/ml)  for  5  min  after  serum  starvation 
for  24  h.  Equal  amounts  of  cell  extracts  were  immunoprecipitated  by 
anti-Tyr(P)  (4G10)  and  analyzed  for  PI  3-kinase  activity  as  described 
under  “Experimental  Procedures.”  Autoradiogram  of  thin  layer  chro¬ 
matography  plate  exposed  overnight  is  shown.  The  positions  of  origin 
(ori.\  phosphatidylinositol  3-phosphate  (P/P),  and  phosphatidylinositol 
3,4-bisphosphate  (P/P2)  were  indicated  by  arrows.  Data  shown  are 
representative  of  three  individual  experiments. 

COSY  cells  to  examine  downstream  ERK  activation. 

Co-expression  of  pl85''  '"^“,  but  not  NA5,  with  EGFR  in¬ 
creased  MAP  kinase  activity  upon  EGF  stimulation.  In  con¬ 
trast,  EGFR-mediated  MAP  kinase  activity  in  N691stop-co- 
expressing  cells  was  suppressed  when  compared  with  cells 
expressing  EGFR  and  an  empty  vector  control  (Fig.  6A).  Equiv¬ 
alent  protein  expression  levels  of  epitope-tagged  HA-MAPK 
was  also  confirmed  in  these  studies  (Fig.  65).  Ectopically  ex¬ 
pressed  EGFR  and  wild-t3q)e  or  mutant  pl85  forms  were  de¬ 
tected  by  immunoblot  using  anti-receptor  specific  antisera  (Fig. 
6,  C  and  D).  Since  the  intracellular  domain-deleted  N691stop 
could  not  be  recognized  by  antiserum  against  the  Nneu  COOH 
terminus,  the  expression  of  N691stop  was  independently  con¬ 
firmed  using  metabolic  labeled  cell  extracts  followed  by  anti- 
neu  immunoprecipitation  (Fig.  6D,  lanes  7  and  8). 

Activation  of  PI-3-kinase  requires  phosphorylation  of  the  Src 
homology  2-containing  adapter  p85  by  receptor  tyrosine  ki¬ 
nases.  Phosphatidylinositides  are  critical  signaling  intermedi¬ 
ates  and  influence  cell  growth,  differentiation,  and  adhesion 
(52).  ErbB  family  members,  notably  ErbB-3,  have  been  shown 
to  associate  with  the  p85  subunit  of  PI  3-kinase  (53).  To  exam¬ 
ine  the  influence  of  wild-type  or  mutant  pl85  on  EGF-depend¬ 
ent  activation  of  PI  3-kinase,  plasmids  expressing  EGFR  with 
vector  or  pl85  variants  were  transiently  expressed  in  COS7 
cells.  PI  3-kinase  activity  was  examined  in  serum-starved  cells 
with  or  without  EGF  stimulation.  We  observed  a  similar  mag¬ 
nitude  of  the  EGF-induced  PI  3-kinase  activity  in  cells  express¬ 
ing  EGFR  only  or  Er/NA5.  The  PI  3-kinase  activity  was  much 
greater  in  Er/plSb*^*"®^  cells,  and  much  weaker  in  Er/N691stop 
cells  (Fig.  7).  Expression  patterns  of  these  receptor  proteins 
were  determined  (Fig.  6,  C  and  D). 

The  observed  super  PI  3-kinase  activity  in  Er/plSb'''”^^  cells 
may  arise  through  the  tyrosine  phosphorylation  of  the  p85 
subunit  by  the  heteroreceptor  complexes.  We  believe  heterore¬ 
ceptor  complexes  are  more  active  since  truncated  pl85  proteins 
alone  do  not  seem  effective  at  interaction  with  p85  (data  not 
shown).  Induced  PI  3-kinase  and  MARK  activities  therefore 
paralleled  the  heterodimerization  and  trans-activation  events 
depicted  in  Figs.  2-4,  and  biological  results  obtained  in  Table  I 
and  Fig.  5.  Functional  heterodimerization  observed  in  Er/neu 
cells  permits  cooperation  and  diversification  of  signaling, 
which  contrasts  with  the  formation  of  signaling-defective  com- 
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Fig.  8.  The  role  of  pl85"®“  subdomains  in  heterodimerization  with  EGFR  and  resultant  signaling  consequences.  Functional 
heterodimerization  requires  the  ectodomain  for  ligand-mediated  physical  associations,  the  endodomain  for  kinase  trans activation,  and  the  carboxyl 
terminus  for  cross-phosphorylation  and  combinatorial  cellular  signaling.  Deletion  of  each  subdomain  results  in  inefficient  heterodimerization, 
preventing  kinase  activation  and  defects  in  cooperative  cellular  signaling,  respectively.  TD5,  TA5. 


plexes  in  Er/T691stop  cells  or  the  failure  of  heterodimerization 
observed  in  Er/TA5  cells. 

DISCUSSION 

Using  mutants,  which  retain  the  capacity  to  ho- 

modimerize,  we  observed  that  EGF-induced  heterodimeriza¬ 
tion  could  occur.  Heterodimerization  was  seen  in  cells  co-ex¬ 
pressing  EGFR  with  TAPstop  or  T691stop  mutant  receptors, 
but  not  with  the  extracellular  domain-deleted  TA5  (Fig.  2), 
demonstrating  that  the  ectodomain  of  plSS'"^"  is  necessary  and 
sufficient  for  heterodimerization  with  EGFR.  Indeed,  het¬ 
erodimerization  of  the  EGFR  and  N691stop  form  derived  from 
proto-oncogenic  pl85”®“  has  been  observed  to  occur  preferen¬ 
tially  to  either  pl85^  ”®“  or  EGFR*EGFR  homodimerization 
(37). 

Two  alternative  assays  confirmed  trans-activation  of  ErbB 
family  proteins  following  heterodimer  formation.  Anti-phos- 
photyrosine  blotting  showed  that  enhancement  of  tyrosine 
phosphorylation  in  response  to  EGF  occurred  only  in  cells 
co-expressing  EGFR  with  the  full-length  kinase,  but 

not  with  the  TAPstop  or  TA5  mutant  receptors.  It  appears  that 
EGFR  and  the  T691stop  neu  mutant  formed  a  kinase-inactive 
complex  (Fig.  3),  as  described  previously  for  the  N691stop  form 
(37). 

An  analysis  ofEGF-induced  receptor  internalization,  akinase- 
dependent  event,  also  indicated  that  receptor  trans-activation 
is  required  for  efficient  internalization  of  the  EGFR  found  in 
these  heteromers  (Fig.  4).  Full-length  and  TAPstop 

proteins  were  modulated  by  EGF  and  showed  co-internaliza- 
tion  with  EGFR  efficiently,  indicating  an  active  heterodimer 
was  formed.  Co-expression  of  TA5  with  EGFR  did  not  affect 
normal  endocytosis  of  EGFR  since  TA5  could  not  associate  with 
EGFR,  while  T691stop  neu  expression  interfered  with  normal 
EGFR  down-modulation. 

Recent  studies  have  shown  that  the  signal  adapter  Grb2  is 
required  for  efficient  endocytosis  of  EGFR  (54),  and  selective 
and  regulated  signal  transduction  from  activated  receptor  ty¬ 
rosine  kinases  may  continue  within  the  endosome  (55).  Inter¬ 
estingly,  kinase-mediated  activation  of  ERKs  may  also  involve 
endocytotic  trafficking  since  inhibition  of  clathrin-mediated  en¬ 
docytosis  has  been  shown  to  impair  rapid  EGF-stimulated  ac¬ 
tivation  of  ERKs  (56),  Therefore,  it  is  reasonable  to  speculate 


that  EGF-induced  endoc5dosis  of  these  receptor  complexes  re¬ 
flects  both  heterodimeric  kinase  activity  and  the  efficiency  of 
activating  downstream  signaling  components.  Indeed,  full- 
length  pl85"^®“,  but  not  other  pl85”®“-derived  deletion  mu¬ 
tants,  displayed  increased  coupling  of  the  Src  homology  2-con- 
taining  signaling  molecule  p85  to  receptor  activation  (data  not 
shown). 

We  previously  reported  that  the  co-expression  of  EGFR  with 
pl85^'"®“  (22),  but  not  with  kinase-deficient  pl85®'"®“  (44),  syn- 
ergistically  transformed  rodent  fibroblasts.  EGFR  and  pl85^' 
neu  associates  into  an  active  kinase  complex  (24)  which  up- 
regulates  EGF  receptor  function  by  increasing  EGF  binding 
affinity,  ligand-induced  DNA  synthesis,  and  cell  proliferation 
(23).  In  the  current  studies,  when  EGFR  was  co-expressed  with 
oncogenic  pl85"^®“  at  physiological  levels  (~10^  receptors/cell), 
we  also  observed  enhancement  of  tumor  growth  (4-fold)  in  vivo 
and  anchorage-independent  growth  (~2-fold)  in  vitro,  com¬ 
pared  with  the  cells  expressing  pl85”®“  alone  (Table  I).  Dele¬ 
tion  of  122  amino  acid  residues  from  the  carboxyl  terminus  of 
pl85"^“  eliminates  three  known  t3rrosine  autophosphorylation 
sites  (TAPstop  mutant),  and  causes  impaired  cellular  signaling 
and  transforming  potency  (41).  Overexpression  of  EGFR  with 
the  carboxyl-terminally  truncated  TAPstop  mutant  receptor, 
although  leading  to  an  active  heterodimeric  complex,  did  not 
recover  the  diminished  transforming  potency  of  TAPstop  (Ta¬ 
ble  I),  indicating  that  signaling  propagation  through  the  car¬ 
boxyl  terminus  of  pl85"^“  could  not  be  restored  by  association 
with  full-length  EGFR.  These  data  emphasize  that  cooperative 
signaling  requires  not  only  the  formation  of  an  active  kinase 
complex,  but  also  a  heteromeric  functional  carboxyl  termini 
within  the  two  receptor  endodomains  that  recruit  various 
downstream  molecules  required  to  generate  signal  to  mediate 
cell  growth  and  transformation. 

The  current  results  indicate  that  pl85'^®“-EGFR  het¬ 
erodimerization  is  greatly  favored,  even  in  the  presence  of  the 
neu  transmembrane  point  mutation  that  facilitates  pl85”®“ 
homodimerization  (12).  Together  with  the  observation  that 
ErbB-2  is  the  preferred  heterodimerization  partner  of  all  ErbB 
members  (36),  these  studies  emphasize  that  Neu*ErbB-2  may 
mediate  signaling  diversity  through  structural  interactions 
governed  by  particular  ectodomain  sequences.  For  instance, 
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ErbB-3  is  a  less  active  kinase  than  other  ErbB  proteins  (57), 
but  serves  as  a  binding  site  for  Neu  differentiating  factor  (28) 
and  forms  a  potent  heterodimer  with  ErbB-2,  consequently 
engaging  various  downstream  substrates.  Neu*ErbB-2  may  not 
be  required  for  ligand  binding,  but  may  reconstitute  signaling 
by  laterally  engaging  other  ErbB  proteins  in  some  preferred, 
but  not  well  understood  manner. 

Kinase  phosphorylation  increases  the  affinity  of  binding  of 
Src  homology  2  and  Src  homology  3  domain-containing  sub¬ 
strates,  and  initiates  a  variety  of  cascades.  The  binding  of 
Grb2-Sos  complexes  to  the  active  EGFR  activates  the  Ras/Ra£^ 
MAP  kinase  cascade  (58).  Another  downstream  effector  whose 
importance  in  cell  signaling  and,  potentially,  in  tumorigenesis 
is  becoming  increasingly  understood  is  PI  3-kinase  (52),  PI 
3-kinase  activation  has  also  been  shown  to  be  essential  for 
induction  of  DNA  synthesis  by  EGF  (59).  Current  studies  have 
demonstrated  that  EGF-induced  ErbB  heterodimers  activate 
both  the  ERK  and  PI  3-kinase  pathways.  Functional  wild-type 
heterodimers,  but  not  defective  mutant  heterodimers,  effi¬ 
ciently  induce  both  ERK  and  PI  3-kinase  activities,  which 
contribute  to  the  synergistic  effects  on  mitogenesis  and  cellular 
transformation. 

As  depicted  in  Fig.  8,  these  results  further  support  the  notion 
that  cooperative  signaling  caused  by  pl85"^“*EGF  receptor  en¬ 
sembles  requires  the  ectodomain  for  ligand-mediated  physical 
association,  while  the  intracellular  domain  provides  contacts 
for  efficient  intermolecular  kinase  activation.  The  phosphoryl- 
ated  carboxyl  terminus  is  essential  for  recruiting  particular 
cellular  substrates  required  for  signal  diversification. 

In  particular,  specific  ectodomain  associations  may  therefore 
underlie  the  combinatorial  interactions  within  the  ErbB  family 
required  for  signal  diversification.  These  properties  may  be 
features  that  are  used  by  many  receptor  ensembles  involved  in 
enzymatic  signaling  in  cells. 
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ABSTRACT  Conversion  of  a  malignant  phenotype  into  a 
more  normal  one  can  be  accomplished  either  by  down- 
regulation  of  erbB  family  surface  receptors  or  by  creating 
inactive  erbB  heterodimers  on  the  cell  surface.  In  this  report, 
we  report  the  identification  and  cloning  of  differentially 
expressed  genes  from  antibody-treated  vs.  untreated  fibro¬ 
blasts  transformed  by  oncogenic  pl85”®".  We  repeatedly  iso¬ 
lated  a  325-bp  cDNA  fragment  that,  as  determined  by  North¬ 
ern  analysis,  was  expressed  at  higher  levels  in  anti-pl85"®"- 
treated  tumor  cells  but  not  in  cells  expressing  internalization 
defective  pl85"^"  receptors.  This  cDNA  fragment  was  identical 
in  amino  acid  sequence  to  the  recently  cloned  mouse  Tat 
binding  protein-1  (mTBPl),  which  has  98.4%  homology  to  the 
HIV  tat-binding  protein-1  (TBPl).  TBPl  mRNA  levels  were 
found  to  be  elevated  on  inhibition  of  the  oncogenic  phenotype 
of  transformed  cells  expressing  erbB  family  receptors.  TBPl 
overexpression  diminished  cell  proliferation,  reduced  the  abil¬ 
ity  of  the  parental  cells  to  form  colonies  in  vitro,  and  almost 
completely  inhibited  transforming  efficiency  in  athymic  mice 
when  stably  expressed  in  human  tumor  cells  containing  erbB 
family  receptors.  Collectively,  these  results  suggest  that  the 
attenuation  of  erbB  receptor  signaling  seems  to  be  associated 
with  activation/induction  or  recovery  of  a  functional  tumor 
suppressor-like  gene,  TBPl,  Disabling  erbB  tyrosine  kinases 
by  antibodies  or  by  trans-inhibition  represents  an  initial  step 
in  triggering  a  TBPl  pathway. 


ErbB  family  receptor  kinases  mediate  oncogenic  transforma¬ 
tion  by  mutation,  overexpression,  or  coexpression  leading  to 
homodimeric  or  heterodimeric  complexes  that  mediate  syner¬ 
gistic  signaling  (1-5).  Continual  expression  of  pi 85"^^  is  nec¬ 
essary  for  the  maintenance  of  the  neoplastic  phenotype  of 
neu-transformed  cells  (1).  Incubation  of  oncogenic  pl85”®^- 
expressing  tumor  cells  with  the  anti-neu  mAb  7.16.4  causes 
phenotypic  reversal  in  vitro  and  in  vivo  (6,  7).  The  mechanism 
of  phenotypic  reversal  of  tumor  cells  expressing  the 
pl85neu/c-erbB2  oncogene  occurring  with  anti-neu-specific  mAb 
treatment  has  not  been  defined  completely,  although  this 
mechanism  has  been  characterized  as  arising  as  a  consequence 
of  disabling  the  kinase  complex,  a  process  in  which  a  fraction 
of  the  receptors  becomes  down-modulated  (6-8):^ 

The  binding  of  antibody  to  the  extracellular  domain  of  the 
pl85neu  receptor  mediates  down-regulation  and  increases 
pl85neu  oncoprotein  degradation  by  causing  the  pl85"®^  com¬ 
plex  to  enter  a  degradation  pathway.  Endosomes  were  found 
to  carry  pl85”®^-containing  receptor  aggregates  to  lysosomes 
where  the  complex  was  degraded  (9). 

Here,  we  used  mRNA  differential  display  (10, 11)  to  isolate 
genes  that  are  specifically  expressed  in  cells  treated  with  the 
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anti-pl85“^“  mAb  7.16,4.  We  repeatedly  identified  a  325-bp 
cDNA  fragment  called  3C  bearing  significant  homology  to  the 
HIV  tat-binding  protein-1  (TBPl)  on  antibody-mediated 
down-regulation  of  the  oncogenic  pi 85”^^  receptor  associated 
with  inhibition  of  transformation.  The  3C  fragment  is  com¬ 
pletely  identical  to  the  recently  cloned  mouse  tat  binding 
protein-1  (mTBPl),  which  itself  is  98%  homologous  to  the 
human  TBPl  over  439  aa  (12).  Northern  blot  analysis  con¬ 
firmed  that  this  fragment  and  the  TBPl  cDNA  hybridized  to 
mRNA  isolated  from  cells  undergoing  phenotypic  reversal  by 
antibody  treatment. 

TBPl  has  been  reported  to  suppress  tat-mediated  transac¬ 
tivation  of  HIV  replication  (13).  Nakamura  et  al  (12)  estab¬ 
lished  that  full-length  murine  TBPl  also  suppresses  Tat- 
mediated  transactivation.  A  TBPl-interacting  protein  (TB- 
PIP),  which  colocalizes  in  vivo  and  synergistically  enhances  the 
inhibitory  action  of  TBPl  on  Tat  activity  in  vitro,  also  has  been 
cloned  recently  (14). 

To  investigate  the  biological  effects  of  TBPl,  we  transfected 
the  full  length  of  TBPl  cDNA  into  a  variety  of  human  cell  lines, 
U87MG,  SK-BR-3,  and  MCF-7,  which  express  erbB  family 
genes.  Ectopically  expressed  TBPl  was  able  to  cause  a  rever¬ 
sion  of  the  transformed  phenotype.  Additionally,  basal  TBPl 
mRNA  levels  were  found  to  be  higher  in  phenotypically 
inhibited  cells.  These  studies  suggest  that  induction  of  TBPl 
mediates  inhibition  of  cell  growth  and  transformation  of 
erbB-inhibited  cells. 

MATERIALS  AND  METHODS 

Cell  Lines.  B104-1-1  cells  were  derived  from  NIH  3T3  cells 
transfected  with  pl85"^''  and  have  been  described  (6).  U87MG 
cells  are  human  brain  tumor  cells;  SK-BR-3  cells  and  MCF-7 
cells  are  primary  human  breast  cancer  cells  obtained  from  the 
American  Type  Culture  Collection.  These  cells  were  cultured 
in  DMEM  containing  10%  (vol/vol)  FBS,  1%  L-glutamine, 
and  1%  penicillin/streptomycin  at  37°C,  95%  humidity,  and 
5%  CO2.  The  NR6TintA  cells  containing  internalization- 
defective  pl85"^'"  receptors  have  been  described  (15). 

Incubation  of  Cell  Lines  with  mAh  7.16.4.  The  mAb  7.16.4 
has  been  described  (6,  7),  B104-1-1  cells  were  grown  overnight 
in  6-well  dishes  and  treated  with  mAb  7.16.4  (10  p-g/ml)  for 
0-4  h  at  37°C.  Cells  were  harvested,  washed,  stained  with 
saturating  amounts  of  mAb  7.16.4,  and  restained  with  anti¬ 
mouse  IgG  FITC.  Cells  were  then  processed  for  flow  cyto¬ 
metric  analysis  as  described  (15). 

RNA  Isolation  and  mRNA  Differential  Display.  Total  RNA 
was  purified  from  cell  lysates  by  using  the  RNeasy  Mini  Kit 
(Qiagen,  Valencia,  CA)  and  the  protocol  supplied  with  the  kit. 


Abbreviations:  RT-PCR,  reverse  transcriptase-PCR;  MTT,  3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium  bromide;  EGFR,  epi¬ 
dermal  growth  factor  receptor. 

$To  whom  reprint  requests  should  be  addressed,  e-mail:  greene@ 
reo.med.upenn.edu. 
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An  mRNA  Map  Kit  from  GenHunter  (Nashville,  TN)  was 
used,  and  the  manufacturer’s  protocol  was  followed.  DNase- 
treated  total  RNA  (2  jag)  was  reverse-transcribed  by  using 
Super-Script  II  (United  States  Biochemical)  with  oligo(dT) 
primers  T12MG,  T12MC,  or  T12MA  and  amplified  with  the 
library  10-mers  AP-3  (5'-AGGTGACCGT-3')  or  AP-6  (5'- 
GCAATCGATG-3')  as  described  in  the  kit.  The  PCR  prod¬ 
ucts  were  run  on  a  6%  sequence  gel  with  the  cDNAs  that  were 
to  be  compared  run  side-by-side.  Bands  representing  differ¬ 
entially  expressed  genes  were  eluted  from  the  gel,  reamplified, 
subcloned  into  the  pCRII  vector  as  described  in  the  TA  cloning 
kit  (Invitrogen),  and  sequenced  on  a  6%  denaturing  gel. 

Generation  of  Stable  TBPl  Transfectants  and  Confirma¬ 
tion  of  Transgene  Expression  by  Reverse  Transcriptase-PCR 
(RT-PCR).  The  TBPl  cDNA  was  inserted  into  the  EcoRl  site 
of  the  pBK-CMV  (Stratagene)  vector.  Stable  TBPl  transfec¬ 
tants  were  generated  by  transfecting  the  pBK-CMV-TBPl 
plasmid  into  a  panel  of  human  cell  lines  (U87MG,  SK-BR-3, 
and  MCF-7)  by  using  Lipofectamine  (GIBCO),  G418  (0.8 
jag/ml;  GIBCO)  was  used  to  select  for  the  transfected  cell 
populations,  and  Northern  blot  analysis  was  used  to  identify 
clones  that  expressed  TBPl. 

First-strand  cDNA  was  prepared  from  3  juig  of  total  RNA  by 
using  the  Superscript  Preamplification  System  for  first-strand 
cDNA  Synthesis  Kit  (GIBCO/BRL).  To  confirm  the  integrity 
of  the  first-strand  cDNAs,  we  amplified  j8-actin  sequences  by 
using  the  rat  j8-actin  control  amplifier  set  (CLONTECH), 
which  yielded  a  764-bp  product.  Exogenous/transfected  TBPl- 
derived  transcripts  were  amplified  by  using  the  pBK-CMV 
vector  T7  primer  (5^-GTAATACGCTCACTATAGGGC-3') 
and  a  TBPl-specific  primer  designated  C2  (5'-AGAA- 
GAAAGCCAACCTAC-3'),  which  yielded  a  216-bp  product. 
After  RT-PCR,  the  products  were  run  on  1.8%  agarose  gels  to 
evaluate  the  presence  or  absence  of  the  amplified  product. 

Cel!  Proliferation  Assay.  The  proliferation  assay,  as  mea¬ 
sured  by  3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl  tetrazolium 
bromide  (MTT)  incorporation,  has  been  described  (16). 

In  Vitro  and  in  Vivo  Tumorigenesis  Assays.  Anchorage- 
independent  growth  was  determined  by  assessing  the  colony¬ 
forming  efficiency  of  cells  suspended  in  soft  agar  (6,  17).  For 
in  vivo  experiments,  NCr  homozygous  nude  mice  (6-8  weeks 
old)  were  purchased  from  the  National  Cancer  Institute  (Be- 
thesda,  MD).  Cells  (lx  10®)  were  suspended  in  0.1  ml  of  PBS 
and  injected  intradermally  into  the  mid  dorsum  of  each  animal. 
Parental  U87MG  cells  were  injected  on  one  side  of  individual 
animals  and  stably  TBPl-cDNA-transfected  U87/TBP1  cells 
were  injected  on  the  contralateral  side  to  make  direct  com¬ 
parisons  of  growth  within  each  animal.  Animals  were  main¬ 
tained  in  accordance  with  guidelines  of  the  Committee  on 
Animals  of  the  University  of  Pennsylvania  and  those  of  the 
Committee  on  Care  and  Use  of  Laboratory  Animals  of  the 
Institute  of  Laboratory  Animal  Resources.  Tumor  growth  was 
monitored  twice  weekly  for  6-10  weeks.  Tumor  size  was 
calculated  by  measuring  tumor  volume  (length  X  width  X 
thickness). 

RESULTS 

Down-Regulation  of  Surface  Receptors  and  Differ¬ 

entially  Expressed  Genes.  Differential  display  provided  a 
convenient  way  for  us  to  study  altered  gene  expression  in 
pl85neu-gxpressing  B104-1-1  murine  cells  treated  with  anti- 
pl85neu  drawback  of  the  differential  display  is  its  sus¬ 
ceptibility  to  generating  false -positive  clones.  To  compensate, 
we  ran  two  differential  display  trials  on  each  of  the  total  RNAs 
so  that  we  could  select  bands  that  were  present  in  both  trials. 
There  were  nine  differentially  expressed  bands  chosen  for 
further  characterization;  these  bands  ranged  in  size  from  230 
bp  to  1,000  bp,  were  observed  in  both  trials,  and  were  not 
differentially  expressed  in  NIH  3T3  cells.  One  of  these  bands 


represented  a  325-bp  cDNA  termed  3C,  which  had  100% 
homology  with  mTBPl  (Fig.  1),  which  is  the  murine  homo- 
logue  of  the  human  gene  tat-binding  protein  1.  Northern  blot 
analysis  of  7.16.4-treated  B104-1-1  cells  showed  increased 
TBPl  mRNA  levels  of  ^1.5  kb  in  size  when  probed  by  both 
human  TBPl  cDNA  (Fig.  2A)  and  3C  DNA  (data  not  shown). 

Confirmation  of  differential  expression  was  achieved  by 
comparing  Northern  blots  of  antibody-treated  B104-1-1  cells 
and  untreated  cells  (Fig.  2  A  and  B).  Antibody  treatment  of 
B 104-1-1  cells  containing  elevated  levels  of  oncogenic  pl85"®“ 
resulted  in  increased  expression  of  the  mTBPl  mRNA  tran¬ 
script  (Fig.  2^1  and  B).  We  have  shown  that  receptor  kinase 
activity  alone  is  not  sufficient  for  the  endocytic  process  (15). 
A  structural  element,  namely  an  internalization  sequence,  is 
also  required  for  both  mAb-  and  ligand-induced  receptor 
down-regulation  (15).  Importantly,  NR6TintA  cells  (15),  which 
contain  an  internalization-defective  pl85”®^  mutant  protein, 
TintA  (15),  and  lack  the  ability  to  undergo  pl85"®"  internal¬ 
ization,  did  not  have  an  increase  in  mTBPl  mRNA  level  after 
7.16.4  treatment,  although  the  basal  level  of  mTBPl  transcript 
was  higher  in  NR6TintA  cells  (Fig.  2  A  and  B).  Notably, 
B104-1-1  cells  contain  higher  levels  of  transforming  pl85*^®^ 
than  NR6TintA  cells  and  are  more  oncogenic  (15).  The  basal 
level  of  the  mTBPl  transcript  was,  as  expected,  greater  in  the 
less  oncogenic  NR6TintA  cell. 

Because  disabling  erbB  receptor  ensembles  may  enable  a 
common  inhibitory  pathway,  we  also  examined  cells  in  which 
EGFR  was  inactivated  but  not  down-modulated  by  a  trans- 
inhibitory  ectodomain  form  of  pl85"®“  (T691stop  neu;  refs.  17 
and  18).  We  found  that  the  endogenous  expression  of  TBPl 
mRNA  was  also  higher  in  phenotypically  inhibited  U87MG- 
derived  cells  expressing  the  kinase-deficient  T691stop  neu 
ectodomain  form  compared  with  U87MG  parental  cells  (Fig. 
2C).  Because  T691stop  inhibition  of  erbB  kinase  activity  does 
not  require  erbB  receptor  down-modulation  (17,  18),  these 
data  suggest  that  induction  of  TBPl  expression  after  anti- 
pl85neu  treatment  occurs  by  regulation  of  a  kinase 

signaling  pathway  (Fig.  2  A  and  C)  and  is  not  simply  a  result 
of  receptor  down-modulation  and  degradation  (Fig.  2C). 

Inhibition  of  Cell  Growth  and  Transformation  by  Human 
TBPl.  To  investigate  the  biological  effects  of  TBPl,  we 
transfected,  by  using  the  pBK-CMV  vector,  full-length  TBPl 
cDNA  into  several  different  cell  lines,  SK-BR-3,  MCF-7,  and 
U87MG,  all  of  which  express  erbB  family  receptors.  We 
screened  the  transfected  subclones  by  Northern  blot  analysis, 
and  the  expression  of  ectopic  TBPl  in  subclones  was  also 
confirmed  by  RT-PCR  analysis  (Fig.  3  A  andB).  We  amplified 
a  216-bp  product  from  all  of  the  TBPl-cDNA-transfected 
clones  and  the  pBK-CMV-TBPI  plasmid  construct  but  not  in 
the  corresponding  nontransfected  parental  cells  (Fig.  3A). 
RT-PCR  with  a  j3-actin  control  amplifier  set  produced  a 
764-bp  amplified  product  from  all  the  cell  lines  except  for  the 
pBK-CMV-TBPI  plasmid  construct  (Fig.  3B). 


1  22  62  411  442 


1  41  73 


Fig.  1.  Regions  of  homology  of  3C  to  murine  TBPl.  Amino  acids 
1-41  of  3C  correspond  to  amino  acids  22-62  of  mTBPl,  and  amino 
acids  42-73  of  3C  correspond  to  amino  acids  411-442  of  mTBPl 
(100%  identical).  The  3C  C-terminal  noncoding-region  nucleotide 
sequence  is  98%  homologous  to  that  of  mTBPl. 
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Rg.  2.  Comparison  and  confirmation  of  the  differentially  ex¬ 
pressed  gene  by  Northern  blot  analysis  and  endogenous  expression  of 
TBPl  in  U87MG  vs.  U87/T691.  (A)  B104-1-1  and  NR6TintA  cells 
were  incubated  with  or  without  7.16.4  (10  /xg/ml)  for  24  h  before  RNA 
isolation.  Total  RNA  (10  fxg)  was  loaded  in  each  lane  and  was  probed 
with  human  TBPl  cDNA  probe.  TBPl  expression  was  up-regulated 
with  anti-pl85”®^  mAb  (7.16.4)  treatment  in  B 104- 1-1  cells  (lanes  1  and 
2)  but  was  not  changed  in  internalization  defective  NR6TintA  cells 
(lanes  3  and  4).  (B)  The  corresponding  formaldehyde  gel  electro¬ 
phoresis  of  total  RNA  is  shown.  (C)  The  U87/T691  subclone,  an 
epidermal  growth  factor  receptor  (EGFR)-positive  cell  line  pheno- 
typically  inhibited  by  the  expression  of  a  trans-inhibitory  ectodomain 
form  of  pl85’^^“  (T691  stop  neu),  showed  increased  endogenous  levels 
of  TBPl.  Relative  units  are  derived  from  scanning  densitometry 
(Molecular  Dynamics). 

Cell  growth  of  TBPl-transfected  cells  was  evaluated  by  using 
the  MTT  assay  (16).  Transfected  clones  had  34-57%  of 
proliferation  inhibition  compared  with  the  corresponding  pa¬ 
rental  cell  lines  (Fig.  4^-C).  Cell  growth  was  therefore  greatly 
diminished  in  TBPl-transfected  erbB  transformed  cells.  The 
level  of  TBPl  mRNA  in  the  inhibited  subclones  was  equal  to, 
or  exceeded,  the  amount  of  mRNA  detected  in  parental  cells 
inhibited  by  antibody  treatment  or  T691stop  expression.  Thus, 
the  mRNA  level  was  sufficiently  high  to  play  a  causal  role  in 
phenotypic  reversion.  Transformation  efficiency  was  assessed 
by  using  an  anchorage-independent  growth  assay  (6,  17).  The 
ability  of  TBPl  transfectants  to  form  colonies  was  consistently 
and  dramatically  reduced  (Fig.  5.^4).  Transforming  efficiency  of 
SK-BR-3/TBP1,  MCF-7/TBP1,  and  U87MG/TBP1  subclones 
was  inhibited  79.2  ±  3.7%  (mean  ±  SEM),  94.2  ±  4.5%,  and 


Fig.  3.  Confirmation  of  TBPl-transfected  clones  by  RT-PCR 
analysis.  We  made  first-strand  cDNA  from  3  fxg  of  each  total  RNA  by 
using  the  Superscript  Preamplification  System  for  first-strand  cDNA 
Synthesis  Kit  (GIBCO/BRL).  (A)  Amplification  of  the  transfected 
TBPl  cDNA  by  using  the  pBK-CMV  vector-oriented  T7  primer 
(5'-GTAATACGCTCACTATAGGGC-3')  and  the  TBPl  specifically 
designed  primer  C2  (5'-AGAAGAAAGCCAACCTAC-3')  shows 
216-bp  product  bands  in  only  the  transfected  clones  and  the  pBK- 
CMV-TBPl  plasmid  construct  and  not  in  parental  cell  lines  of 
U87MG,  SK-BR-3,  and  MCF-7.  (B)  Amplification  of  actin  cDNA  by 
using  the  rat  j3-actin  control  amplifier  set  (CLONTECH)  shows  a 
764-bp  amplified  product  from  all  the  cell  lines  except  the  pBK-CMV- 
TBPl  plasmid  construct.  After  RT-PCR,  the  products  were  run  on 
1.8%  agarose  gel  to  confirm  the  amplified  product. 

65.5  ±  1.7%,  respectively,  as  determined  in  three  independent 
experiments.  Transient  transfection  of  U87MG  cells  with 
empty  vector  did  not  inhibit  cell  growth  and  transformation  as 
determined  by  the  MTT  assay  and  by  an  anchorage- 
independent  growth  assay  (data  not  shown). 

U87/TBP1  subclones  showed  a  profound  degree  of  inhibi¬ 
tion  relative  to  U87MG  parental  cells  after  implantation  into 
athymic  mice  (Fig.  5B).  U87/TBP1  transfectants  did  not  form 
appreciable  tumors  until  8  weeks  (Fig.  5B),  after  the  period  of 
time  when  some  animals  injected  with  parental  U87MG  cells 
had  to  be  killed  because  of  excessive  tumor  burden.  Addition¬ 
ally,  more  than  50%  of  the  subcutaneous  injections  with  the 
U87/TBP1  cell  line  failed  to  produce  any  palpable  tumors. 

DISCUSSION 

Our  findings  indicate  that  disabling  erbB  oncoproteins  with 
anti-erbB  receptor  antibodies  leads  to  inhibition  of  the  trans¬ 
formed  phenotype,  a  feature  associated  with  induction  or 
recovery  of  TBPl  expression.  Previous  studies  showed  that 
kinase-deficient  forms  of  pi 85*^^^  derived  from  the  receptor 
ectodomain  that  form  heterodimers  with  EGFR  in  rodent  (19) 
and  human  glioblastoma  cells  can  inhibit  EGFR-dependent 
phenotypes  contributing  to  transformation  (17,  18).  Endoge¬ 
nous  expression  of  TBPl  mRNA  is  higher  in  U87MG  human 
glioblastoma  cells  containing  pi 85"®^  kinase-deficient  forms 
that  have  an  inhibited  phenotype.  Although  multiple  TBPl 
transfectants  of  three  human  cancer  cell  lines  had  an  inhibited 
phenotype,  all  cell  lines  examined  expressed  erbB  receptors.  It 
remains  possible  that  TBPl  induction  accompanies  reversion 
of  transformation  in  non-erbB-containing  cells.  The  degree  to 
which  TBPl  induction  contributes  to  phenotypic  reversion  in 
erbB-inhibited  cells  is  also  unknown.  Collectively,  these  ob¬ 
servations  suggest  that  expression  of  TBPl  is  related  to  the 
tumorigenesis  of  certain  malignant  cells  and  that  induction/ 
recovery  of  TBPl  expression  may  be  part  of  a  general  atten¬ 
uating  pathway  or  a  specific  consequence  of  down-regulation 
or  attenuation  of  signaling  from  erbB  family  receptor  tyrosine 
kinases. 
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Fig.  4.  Reduction  of  cell  proliferation  by  expression  of  human  TBPl  in  human  cancer  cell  lines.  Cell  lines  were  plated  in  96-weIl  plates  at  4,000 
cells  per  well  in  10%  DMEM  and  allowed  to  attach  overnight.  MTT  was  given  to  the  cells  for  4  h.  Cells  were  then  lysed  in  50%  (vol/vol)  SDS/20% 
(vol/vol)  dimethyl  sulfoxide  and  kept  at  37°C  overnight.  Proliferation  was  assessed  by  reading  OD  at  570  nm  by  using  an  ELISA  reader.  The  number 
of  cells  used  in  this  assay  was  determined  to  be  within  the  linear  range  for  this  cell  type.  (A)  TBPl  cDNA-transfected  SK-BR-3  subclones  S2  and 
S6  had  50%  and  57%  proliferation  inhibition,  respectively,  compared  with  parental  cells.  (B)  TBPl  cDNA-transfected  MCF-7  subclones  M2  and 
M6  had  40%  and  54%  proliferation  inhibition,  respectively,  compared  with  parental  cells.  (C)  U87MG  subclones  expressing  elevated  TBPl,  Ul, 
and  U17  had  34%  and  38%  inhibition  of  proliferation,  respectively,  compared  with  parental  cells. 


The  HIV  tat  protein,  encoded  by  one  of  the  viral  regulatory 
genes,  tat,  is  considered  a  powerful  transactivator  of  viral  gene 
expression  (20-22).  Human  TBPl  is  encoded  by  a  1,341-nt 
cDNA  containing  an  ORF  of  439  aa  (23).  TBPl  was  originally 
described  as  a  transcriptional  factor  of  the  HI  V 1  by  interaction 
with  the  tat  protein  (13,  23).  TBPl  binds  the  HIV  tat  trans¬ 
activator,  suppressing  its  activity  in  cotransfection  experiments 
(13).  In  some  cases,  TBPl  may  also  be  involved  in  transcrip¬ 
tional  activation  (23).  Nakamura  et  al  (12)  isolated  a  full- 
length  murine  form  of  TBPl  that  suppresses  the  Tat-mediated 
transactivation.  Tanaka  et  al  (14)  cloned  a  TBPl  interacting 
protein,  TBPIP,  that  interacts  with  mTBPl.  TBPIP  colocalizes 
with  TBPl  in  vivo  and  synergistically  enhances  the  inhibitory 
action  of  TBPl  on  Tat  activity  in  vitro,  supporting  the  general 
concept  of  TBPl  ensembles  that  inhibit  cellular  functions  and 
transcription. 

We  noted  that  TBPl  amino  acids  59-63  bear  75%  similarity 
to  the  motif  HFRIG,  and  amino  acids  185-189  bear  60% 
similarity  to  the  motif  HSRIG.  The  HIV  gene  Vpr  contains  a 
domain  that  contains  two  H(S/F)RIG  motifs  that  may  cause 

A 


cell  growth  arrest  and  structural  defects  (24).  TBPl  also 
possesses  46%  identity  to  KAIl,  a  metastasis  suppressor  gene 
for  human  prostate  cancer  (25).  Hoyle  et  al  (26)  recently 
localized  the  human  TBPl  to  chromosome  llpl2-13,  and  it  has 
been  noted  that  frequent  loss  of  chromosome  lip  13  occurs  in 
a  variety  of  cancers  (27,  28).  Tsuchiya  et  al  (29)  reported  that 
the  tumor  suppressor  VHL  gene  product  binds  to  TBPl.  These 
observations  suggest  that  the  TBPl  gene  may  be  grouped  with 
other  possible  functional  tumor  suppressor  genes,  and  TBPl 
may  act  as  a  negative  regulator  of  the  transcriptional  elonga¬ 
tion  process  by  binding  to  tumor  suppressor  gene  products  such 
as  pVHL. 

All  members  of  the  TBP  family,  including  TBPl,  contain  two 
highly  conserved  domains.  One  domain  resembles  a  nucleotide¬ 
binding  motif  (ATP-binding  site),  and  the  other  resembles  a 
motif  common  to  proteins  with  helicase  activity.  TBPl,  TBP7, 
MSSl,  and  SUGl  are  thus  considered  members  of  a  large 
ATPase  family  rather  than  representing  discrete  transcrip¬ 
tional  factors  (30-33). 

TBPl  has  also  been  reported  to  be  a  component  of  the  26S 
proteasome  (34),  which  is  an  essential  multiprotein  complex 

B 


Fig.  5.  Inhibition  of  cell  growth  and  transformation  by  human  TBPl.  (A)  Anchorage-independent  growth.  Cells  of  each  clone  (n  =  1,000)  were 
suspended  in  a  1-ml  top  layer  [0.18%  agarose/10%  (vol/vol)  FBS/10%  (vol/vol)  DMEM]  in  6-cm  culture  dishes  containing  a  3-ml  cell-free  feeder 
layer  consisting  of  0.25%  agarose  in  DMEM  supplemented  with  10%  FBS  and  20  mM  Hepes  (pH  7.5).  Colonies  (>0.3  mm)  were  visualized  and 
counted  on  day  28  for  all  cell  lines  after  staining  with  p-iodonitrotetrazolium  violet  (1  mg/ml).  Each  cell  line  was  examined  in  triplicate  in  three 
separate  experiments.  The  numbers  of  colonies  reported  represent  the  mean  of  triplicate  samples.  (B)  Tumor  growth  in  athymic  mice:  comparison 
of  parental  U87MG  cells  and  U87/TBP1  transfect  ants.  Cells  of  each  cell  line  («  =  1  X  10^)  were  injected  subcutaneously  on  day  0,  and  tumor 
volume  was  recorded  weekly.  These  data  represent  individual  tumor  growth  curves  for  U87MG  parental  cells  (■)  and  mean  tumor  volumes  for 
the  U87/TBP1  subclone  (•).  (U87MG,  n  =  7;  U87/TBP1,  «  =  8.) 
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that  degrades  ubiquitinated  proteins  in  an  ATP-dependent 
fashion  and  provides  the  main  route  for  selective  turnover  of 
intracellular  proteins  involved  with  the  regulation  of  cell 
growth  and  metabolism  (35).  TBPl  functions  as  a  subunit  of 
PA700,  a  nonproteasomal  component  of  the  26S  proteasome 
(34,  36),  and  a  subunit  of  a  proteasome  modulator  complex 
(34).  Schnall  et  al  (37)  isolated  a  set  of  12  yeast  genes,  all 
belonging  to  the  AAA  family.  Among  them,  the  closest 
equivalents  of  the  human  genes  TBPl,  TBP7,  and  MS  SI  are 
named,  respectively,  YTAl,  YTA2,  and  YTA3.  These  genes  are 
identical  or  closely  related  to  either  cell  cycle  genes  or  to 
subunits  of  the  26S  proteasome.  We  identified  three  proteins 
interacting  with  TBPl:  p27  (34),  p40  (38),  and  p42(SUG-2) 
(34,  39)  in  a  yeast  two-hybrid  system  by  using  a  HeLa  cell 
cDNA  library  (data  not  shown).  Interestingly,  p27  and  p42  are 
subunits  of  the  human  proteasome  26S  modulator  complex, 
and  both  p40  and  p42  are  subunits  of  the  regulatory  protea¬ 
some  PA  700.  TBPl  itself  is  also  a  subunit  of  both  the  PA700 
and  modulator  complex  that  enhances  26S  proteasome  activity 
(34).  Moreover,  DeMartinocrfl/.  (34)  reported  the  purification 
and  characterization  of  a  proteasomal  modulator  complex — a 
trimer  of  TBPl,  p42,  and  p27 — which  enhances  proteasomal 
activity  by  as  much  as  8-fold.  Recently,  Watanabe  et  al  (40) 
established  the  association  of  p27,  p42,  and  TBPl  with  not  only 
the  modulator  complex  but  also  with  the  26S  proteasome 
complex.  High  sequence  similarities  of  TBPl  homologues  over 
widely  different  species  substantiate  that  TBPl  function  is 
essential  in  vivo  (12).  These  results  suggest  a  relationship 
between  TBPl  expression  and  a  protein  degradation  pathway. 

Cell  surface  levels  of  pl85^®^  and  EGFR  were  independently 
down-regulated  on  expression  of  TBPl  in  all  subclones  exam¬ 
ined  by  flow  cytometric  analysis  (B,-W.P.  and  M.I.G.,  unpub¬ 
lished  results).  These  results  suggest  that  TBPl  activity  is 
related  to  inactivation  of  surface  pi 85”®^  and  EGFR.  TBPl,  as 
a  human  26S  proteasome  modulator  (34),  may  increase  pro¬ 
teasomal  activity  by  facilitating  degradation  of  sequestered 
cell-surface  proteins  in  addition  to  its  role  in  transcriptional 
regulation. 

This  study  shows  that  TBPl  expression  was  up-regulated 
with  anti-pl85"^^  mAb  (7.16.4)  treatment  in  B104-1-1  cells  but 
not  in  NR6TintA  cells  expressing  internalization-defective 
pl85neu  proteins  (Fig.  2A).  U87/T691  cells,  an  EGFR-disabled 
cell  line  containing  a  trans-inhibitory  ectodomain  form  of 
pl85neu  (X691stop  neu),  also  showed  an  increased  endogenous 
level  of  TBPl  over  that  observed  in  parental  U87MG  cells 
(Fig.  2C).  Our  findings  suggest  that  TBPl  expression  is  in¬ 
versely  related  to  the  “activity”  of  the  kinase  signaling  pathway 
(Fig.  2  A  and  C)  and  is  not  necessarily  a  direct  result  of  the 
receptor  degradation  alone  (Fig.  2C).  Attenuation  of  erbB 
receptor  signaling  seems  to  involve  the  activation  of  a  func¬ 
tional  tumor  suppressor-like  gene,  TBPl,  which  itself  is  asso¬ 
ciated  with  a  proteasomal  protein  degradation  pathway. 
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